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CONCFPTS IN HETEROGENEOUS CATALYSIS

. INTRODUCTION

Cutalytie phenomena have been known for a long time, but the term “catalysis®
wax not wsed until 1836 when Berzelius suggested that certain reactions take place on
surfaces of solids as a eesult of a catalytie foree, Although catalysis gained great impor-
tance in industry, no progress in understanding its mechunisms was made until the corly
20th century. At that time, mainly as a result of the kinetie studies of Bodenstein and
Ostwald and the principles of theemodynumics enunciated by Van't Hoff, it became
apparent that catalysts cun only affect the rates of reactions which are thermodynamie-
ully feagible. The first interpretation of the mechanism of catalysis was given by
Subathier' who suggested that chemical affinity between catalyst and reactants leads to
the formation of intermediate compounds on the catalyst suefuce which then decom.
pose to yield the reaction products whereupon the catalyst returns to its original stute.
This pioncering theory later lost some of its appeal whea it was felt that much of cata-
lysis could be interpreted in terms of the colleetive electronie propertios of solids. Now,
the theory is appreciated onee again,

The understanding of catalysis was considerably furthered by Langmuir's studies
on adsorption which showed that strong chemical forees were involved in adsorption
and catalysis.? This was the beginning of the concept of chemisorption although the
distinction between chemisorption and physical adsorption was not emphasized, This
distinetion became apparent during the 1920% and was elearly brought outin 1931 by
the work of Benton and White,® Garner and Kingman.* and Taylor and W lliamson,®
Taylor suggested that an activation energy was necessary for the chemisc ption process
and introduced the term “activated adsorption.”® [n 1932, physical adsorption and
chemisorption were formuluted by Lennard-Jones in terms of potential energy diagrams.”
For the interpretation of bimoleculur catalytic reactions on surfaces of solids, two dif-
ferent mechanisms were proposed. In the Langmuir-Hinshelwood mechanism, it is pos-
tulated that both reacting molecules are chemisorbed on adjacent surface sites before

II’. Nubathicr, “La Cutalyse en Chemie Orgunique,” Libeairle Polytechnique, Parix (19 13),
2I. Langmuir, J. Am, Chem, Soc, 38, 2221 (19106); 40, 1361 (1918).

SA. K. Bentonand T. A, White, J. Am, Chem, Sov,, 82, 2323 (1930).

W, E. Gurner and M, Kingman, Trans, Furaday Soc., 27, 322 (193)).

s, Taylor und A, T. Withamson, J, Am. Clem, Soc,, 33, 2068 (1931).

o, 5, Taylor, J. Am. Chem. Soc,, 83, 578 (1931),

7). K. Lennard-Jonex, Trans. Faraday Soc., 261, 133 (1932),
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thes reacl,® The Rideal-Eley mechanism envisages the reaction of one chemisorhed
species with another species which is only physically adsorbed® - Examples for hoth of
these mechanisms were found.

I the 1920-1930 decade, the coneept of heterogeneity of the surfuces of solids
emerged. Pease® observed that traees of cortain gases can poison catulysts, und Guener!?
and Taylor!? extablished that in many cases the heats of adsorption decreased apprecia.

: bl) with § increasing coverage. On the basis of these reselts, Taylor proposed that eatalyt-
1 iv reactions do not oveur on the whole catalyst surface hut on certain “active contees,™"?
: This concept has remained importan) ever ginee, and it is even more appreciated in ro.
vent vears than in some of the decades which have passed in the meantime,

: I, CONCEPTS EMPHASIZING GEOMETRIC CONSIDERATIONS
: (GEOMETRIC FACTOR IN CATALYSIS)

' As x-ray methods led 1o more precise knowledge of erystal steuetures and bond
lengths, relations betwaeen the geometry of the surfuces of solids and theie adsorptive
J power und catalytic uctivity were sought, One of the first 10 consider sarfaee geometry
was Bulundin'® who proposed in his “Multiplet Theory* that the aetivity of o catalyst
depends on the presence in the lattice of correetly spueed groups of atoms (called multi.
plets) to accommodate the particular reactant molecales, Beeause of the small effective
rudiu of the chemical forees which determine covalent bonds, Butandin suggested that
reactunt molecules as o whole do not take part in catalytic reactions but only certain
parts of the molecules (called index groups or atoms) which are in o geometeically fa-
vored position to interact with a multiplet on the eatalyst surface. With this terminology,
hydrogen-deaterium exchange reactions are classified s doublet reactions, benzene hy-
drogenation or dehydrogenation as sextet reactions, Sexiet reactions on metals played
a considerable role in the efforts to prove or disprove the multiplet theory, Bulandin
proposed that the benzene molecule adsorbs on metal surfaces by forming bonds (rom
the six carbon atoms to six metal atoms, and he postuluted that octahedral symmetry
of the metal lattice as well us the proper values of the inter-atomie distances between
the metal atoms were necessary preconditions fur benzene adsorption,. Only the (111)

4 l.m?’muir Tran. l'»rudly Sue,, 17,621 (1921); G, N. linshelwood, “Kineties of Chemieal Change,” Oxford

Unly rvm“-)(l‘)
%%, K. Rideal, Proe, Cambridge Phil, Soc., 38, 130 (1939); Proc. Roy. Soe., A 178, 429 (1941), 4
10, N, Poare, J. Am. Chem, Soc., 48, 2235 (1923) ]
”v,. A Blench and W. E., Garner, J| Chem. Soe.. uuu(mz.t). W. E. Garner and 1), MeKie, ibid., 2451 (1927); '
I. lull, W. K, Gurner, and M., Ha), ibid., 837 (1931). i
”n A. Hecbe and 11 8, Taylor, J. Am. Ghem. Soc., 40, 41 (1924); G, B, Kintlakowdky, . W. Flosdarf, und i
il, 8. ‘Tuyfor, J. Am. Chem, Soc., 49, Jl(l(l(l')l?)
31, 8. Taylor, Proe, Ray. Soc., A, 108, 106 (1925),
144, A, Bulandin, 7. phys. Chem., 132, 289 (1929); Advances in Catalysiv, 19, 1 (1969).
2 ‘
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planes of fuce-centered cubie metals exhibit this symmetey. Experimental cesults up-
peared to support Balandin®s hy pothesis's 16 but later work showed that cubic body.
centered metals also can be active catalysts for benzene hy drogenation.!” ¥ In more
recent times, it was pointed out that the observed activation energies were much too
low for o mechunism in which six metal carbon bonds have to be broken.!?  In conclu-
sion, it can be said that the Multiplet Theory is not so universally applicable as Balandin
proposed, but it contained ideas which were very fruitful and which again appearcd in
other forms.

Theee is umple evidence that geometrie factors in catalysis cannot be ignored.,
More than 30 years ago, Horiuti?® caleulated, following the lead of Eyring,2' that the
lattice spacing played an important role in determining the magnitude of the activation
energy of, for instance, hydrogen adsorption on nickel, Beeck was uble to prepare ori.
ented metal filma by vacuum deposition and found that the (110) fuce of nickel (the
fuce with the least atomic density and highest surface energy ) was five times more cata-
Iytically active thun films with random orientation.?  Sosnoviky? observed that the
kinetic parameters of the formie acid decomposition differ significantly amongst the
(100), (110), and (111) planes of silver erystals, LEED investigations showed that the
(100) fuce of tungsten i vetive in ammonia chemisorption and decomposition while the
(110) phase is pussive,3 3 These examples illustrate the concept of geometric factor
in catalysis, A deeper insight into this field was obtained through crystal field theory
und molecular orbitel theory which will be discussed luter,

il1l. CONCEPTS EMPHASIZING THE ROLE OF THE COLLECTIVE ELECTRONIC
PROPERTIES OF CATALYSTS (ELECTRONIC FACTOR IN CATALYSIS)

After it was realized that strong chemical forees are involved in chemisorption and
catalysis, more and more uttention wus puid to electronic processes in catalysis. Initially,

1510, Long, J. G W, Fraver, and E. Ot, J. Am. Chemn, Soe., 36, 1101 (1934),
16, 1. Emmett and N, Skeu, §, Am, Chem, Sor., 65, 1029 (1943),
”(). Beeck and A, W. Ritchie, Dise, Faraday Soc., 8, 159 (1950),

wl’. H, Emmett, “New Arpwuvhc-n to the Study of Catalydn,” Ch. 3, Pricstley Lecture, The Pennsylvanis State
University, University Park (1962).

1911, Noller and E. 1antke, . 1. Elektrochemie, 63, 97 (1989),

206, Okamoto, J. Horiuti, and K. Nirotu, Sci. Papers lust, Phys. Chem, Rex, Tokyo, 29, 233 (1936). !
28y, Sherman und 11, Eyring, J. Am, Ghem, Sor., 54, 2661 (1932).

220. Beeek, Rev. of Mod, Physies, 17, 61 (1948),

343, M. €., Sommovsky, J. Phys. Chem, Solids, 10, 304 (1959),

24 ). Estrup and ], Andersen, J. Chem, Phyx., 49, 523(1968),

2"I‘_l. W. Muy, R. J. Srostuk, and L. N, Germer, Surface Scienee, 15, 37 (1969),

&
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Roginsky,?® Lennard-Jones,26® Schmidt,?” and Nyrop?® became aware that catalysts
may function as electron sources or sinks. Seitz?® showed experimentally that electron
transfer and exchange phenomena between surfaces of solids and adsorbates do oceur,
whereby nentral molecizles can yield ions or radicale depending on the cleetronegativi-
ties of the surface and the nolecnlar fragments. DeBoer¥® observed ionization of ad-
sorbed molecules and described the effect of adsorption layers on the work function of
metals, These were the beginnings of o great rescarch effort designed to relate the elec.
tronic structure of solids with their catalytic activities. In 1950, Dowden wrote a fund-
amental paper on *“The Theoretical Basis of Heterogeneous Catalysie™® which consider-
ably furthered the concepts underlying the electronic fuctor in catalysis. He used the
band theory of solids to interpret catalytic reactions on surfaces of metals and semicon-
ductors and refated the rates of catalytie reactions to the ionization potential of the ad-
sorbed species and the work function and Fermi level of the catalyst. Pauling’s valence
bond theory of metals (to be discussed later) as well as geometric aspects were included
in Dowden's study,

1. Flectronic Factor in Catalysis on Metals, Schwab®? was one of the first to
make systematic investigations designed to relate the collective electronie properties of
metals and their catalytic activity, His work on the dehydrogenation of formic acid on
surfaces of homogencous Hume-Rothery alloys, such as silver containing some Cd, In,
Sn, 8h, Hg, T, Pb, or Bi, showed that the increased electron concentration caused by
the addition of multivalent metals results in increased uctivation energies, Parallel with
this increase in the activation energy, the electrical resistivity and mechanical hardness
increased when multivalent metals were alloyed to silver, 1t was concluded that elec-
trons must pass from the formic avid into the metal in order to form an active transi-
tion state, Thix process needs more energy the more the metal is aleeady saturated with
clectrons,

In 1949, Boudurt®® und subsequently Beeck® suggested that Beeek's results for
ethylene hydrogenation on oriented metal films could perhaps be better interpreted

%h—l Rogineky und Schulte, Z, phys, Chema, A LIS, 21 (1928),

264) 1. LennardJones, Trans, Furaday Soe. 28, 333 (1932).

AT5uhmidt, Chem, Reviews, 12, 363 (1933),

2“N)‘ﬂ)|)\ “The Cutulytic Action of Solidw" Willlame and Norgate, 1937,

29k, seitn, J. Appl. Phyxicn, B, 246 (1937),

30]. 1, DeBoes, “Electron Emicion and Adsorption Phenomens,” Gambridge University Prew (1938),
D, A, Dowden, J. Chem, Soc., 242 (1980),

320. M. Schwab, Tranx, Faraday Soc,, 42, 689 (1946); Dise, Furaday Soe,, 8, 166 (1950).

SN, Boudurt, J. Am. Chem., 72, 1040 (1949),

M0, Beeek, Dine, Furaday Soc., 8, 118 (1950),
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using Pauling’s valence bond theory?® and relating the catalytic activities to the pereent.

age d-character of the metallic bond rather than on the basis of proper lattice spacings
a8 discussed under the heading “*Geometric Factor in Catalysis,”

Pauling’s theory is often used in the interpretation of catalysis on metals and will
be briefly outlined here. Prior to this thoory, it was believed that d-clectrons make no
significant contribution to the cohesive forces in metals. Pauling. however, pointed out
that the propertiea of transition metals can be adequately described in terins of dsp hy-
brid covalent bonds between metal atome. His analysis indicated that there are two
kinds of d-bands in trunsition metals. One is described by diffuse (bonding) wave-
functions, the other by localiced (artibonding) wave-functions, To account for the
properties of transition metals, Pauling suggested that from the five d-orbitals, on the
average, 2.56 d-orbitals are involved in bond formation (bond orbitals) through hybrid-
ization with the s and p orbitals and that the number of covalent honds increases from
one to six in the sequence of potassium, calcium, scandium, titanium, vanadium, chro-
mium, remains nearly constant from chromium to nickel, and beging to decrcase with
copper. The remaining 2.44 d-orbitals (atomic orbitals) are occupied by antibonding
electrons which are muinly resporsible for the ferromagnetic and paramagnetic proper-
ties of metals. The extent to which d-electrons participated in dsp bonds was expressed
as the percentage d-character of the metallic bond which represents a measure of the

unavailability of electrons in atomic d-orbitals. This theory provided a qualitative inter.

pretation of many propertios of transition metals such as interatomic distance, charac-
teristic temperature, hardness, and compressibility, and it accounts satisfactorily for
the observed values of the atomic saturation magnetic moments of the ferromagnetic
metals.

The application of Pauling’s valenee bond theory of metals to problems in catalysis
marks the beginning of the awareness of rescarchers in catalysis of the importance of
vacant atomic d-orbitals (valenee bond theory) or holes in the d-bund (electron band
theory).% 37 The remarkable difference in catalytic activity of group VI and group
IB metals, neighbors in the periodic table of clements, became understandable: The
group VIII metals have vacant atomic d-orbitals (holes in the d-band) which were ex-
peeted to promote chemisorption and catalysis by facilitating covalent bond formation
between the metal surfuce and the adsorbate, In group 1B metals, no vacant atomie
d-orbitals (holes in the d-band) are present,

In the following years, the electron band theory was favored, and chemisorption
and catalysis were more and more interpreted an an interaction of the adsorbed species

———————————

MI.. Pauling, Phys. Rev., 84, 899 (1938); Pror. Roy. Soe, (London), A 196, 343 (1949).
0y, Seity, “Modern Theory of Solids.” MeGrw-Hill Co,, New Yok (1940).

37N. ¥, Mott and H. Jonen, “The Theory of the Properties of Metals und Alloys” Oxford Univemity Press (1936),

b ]




with the electrons or holes which belong to the whole ittice. From magnetic measure-
ments, it is known that, for instance, nickel has approximately 0.6 holes in the d-band.
These holes can be filled by alloying nickel with a group 1B metal such as copper. All
[ the holes in the d-band are filled when 60 atom pereent of copper is ulloved with nickel.
i The alloys between group VI and 1B metals received considerable attention, A
change of the catalytic properties was expeeted at the alloy composition where the

3 holes in the d-band are becoming filled. The first experimental studies along these lines
1 were encouraging, ™™ but a number of investigators did not find changes of catalytic

s activity as expected.* " Work carried out in the 1960% (1o be discussed later) showed

f thut considering mainly the collective eleetronic propeeties of metals does not lead to a

; satisfactory interpretation of catalysis. Localized interactions have to be considered

‘ also,

2. Electronic Factor in Catalysis on Semiconductors. Beginning in the 1930,
measurements of electrical conductivity have established that chemisorption of gases on
g semiconductors is accompanied by electron transfer—cither from the semiconductor to
] the chemisorbed gas or viee versa 4% A deercuse in the conduetivity of n-type semi.

. conduetors as a result of chemisorption implies that electrons huve been transferred
from the conduction band of the semiconductor to the chemisorbed gas, A deerease in
the conductivity of a p-type semiconduetor indicates an eleetron transfer from the

3 chemisorbed gas to the semiconductor. Although the eleetron transfer is in opposite di-
] rection in these two processes, both are accompanied by a depletion of caeriers in the

i semiconductor and are classified as examples of depletive chemisorption, The reverse
L’- situntion of an increase in conductivity upon chemisorption implies that carriees have

been gecumuluted in the semiconductor surface and is referred to as camulative
chemisurption,

8y, A, Dowden und P, W, Reynolds, Dike, Faraduy Soc,, 8, 184 (1950),

Wh, Couper wnd 11 1. Eley, Dine, Faruduy Soc, 8, 172 (1950)
Wy w, Reynoldy, J. Chem, Soc, 263 (1950). 1
MR, ). Hest and W, W Rusel, J. Am. Chem, Soe., T6, B3 (1954),

"2w. K. Hall and P, L Emmett, J. Phys, Chenn, 62, 816 (1958): |, Phys Chen, 63, 1102 (195,

p, 1, Shallerons and W. W, Ruseel, ). Am, Chem. Sov., 81, 4132 (1959),

1, K. Gharpurey and P, 0L Emmett, J, Phys Chem,, 63, 1152 (1901),

g, Wugner and K. Hauffe, Z, £, Elektrochemie, 44,172 (1938),

Wy 1, Gamer, T, |, Gray, und F. 8, Stone, Proe, Roy, Soe, AL JOT, 314(149); Dike, Famday Soc, 8, 240 (1950), ‘i

'ml(. M. Dell, K. S, Stone, and P, F, Ciley, Trans, Famday Soe. 49, 201 (1953),
N, Boudart, 1. Am, Chem, Soc., 74, 1531 (1952),




8.  Boundary Layer Theory. In 1952, llauffe and Engell 5© Aigrain and
Dugas. ¥ and Weisz5? independently suggested that depletive chemisorption on semi:
conductor surfaces could be treated as an eleetronie boundary layer nroblem in anatogy
to the boundary layer probleni encountered when a semiconductor and a metal are
brought into contact. Metal semiconductor contacts have been studied in considerable
detail in view of their importance in rectification,$? % The ideas of Hauffe, Aigrain
and Dugas, and Weisz are known as “Boundary Layer Theory,” *Randschichttheorie,”
or "Charge Travsfer Theory of Chemisorption and Catalysis.” In this theory, it is pro-
posed that adsorbed atoms give rise to localized levels for electrons at the surface. These
levels can be filled by current carriers, which are thus immobilized, or they can be
emptied and so provide extra carriers. The field of these adsorbed ions sets up a space
charge layer near the surface. The voltage drop across this space-charge region repre-
sents a change in work function of the surface and changes in turn the energy of the
surface levels with respeet to the Fermi level, Let us explore the coneepts of this theory
in more deail. For depletive chemisorption on an n-type semiconductor (anionie chem.
isorption), the energy of chemisorption will depend on the difference between the elec-
tron aflinity of the adsorbed species and the work function of the semiconductor, As
more uloing are adsorbed and more clectrons are transferred, levels deeper in the solid
are used o yield their electrons and a space charge builds up in the boundary layer,
As a result, the potential energy of eleetrons in the boundary layer becomes modified
and, in passing from the semiconductor to the chemisorbote, electrons have to surmount
a potential barrier, Finadly, equilibrium is estublished when the potential energy of elec-
tronx in the adsorbate equals the potent’. ' energy of electrons in the semiconductor
(i.c. Fermi level). Beyond this point, chemisorption can no longer proceed with a de-
crease in free energy, For depletive chemisorption on a p-type semiconductor, the en-
ergy of chemisorption depends on the difference between work function and the joniza-
tion potential of the adsorbate, Equilibrium is established when the Fermi level reaches
the height of the electronic level of the adsorbute. The boundary layer theory was em-
phasized ugain and discussed in more detail in Hauffe's later publications,s % und by
Garret.®? This theory was formulated to explain catalytic reactions which affect the
concentration of current carriers and the work funetion of the catalysts. Therefore, the

S0y, Hauffe and H. ], Eugell, Z, 1. Elektrochemie, 8., 366 (1932); Z. 1. Elektrochemie, §7, 762 (1953),
5IP. Algrainamd C, Dugun, 7, £, Elektrochemie, 86, 363 (1952),

520 B, Weinr, 1. Chem, Phy-., 20, 1483 (1952),

S, Schottky, 2. Phyw., 113, 367 (1939).

BAN_ ¥, Mott, Proc. Roy. Soe., A 171, 28, 281 (1939),

an

K, Huuffe, “*Reaktionen inund an Fexten Stoffen,” Springer Verlag, Berlin.Gottingen.Heidelberg (1955),

oy, Huuffe, “Semiconductor Surfuce Physien” R, H. Kingston, Ed., University of Pennsylvania Presy, Philadelphia,
Pennsylvania, 239 (1936).

S7C, G, B, Garret, 1. Chem, Phys. 33, 966 (1960).
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boundary layer theory cannot be expected to be applicable to all catalytie reactions.
Hauffe was aware that heterogencous reactions may take place without intermediate
cleetron exchange and may be catalyzed only by a lowering of the activation energy
affected by the action of stray surface fields.® He called this kind of catalytic activa-
tion **heterogencous polarization catalysis™ but considered it to be comparatively less
important,

The boundary layer theory stimulated a great deal of experimoental work. This
theory predicts that for depletive chemisorption the coverage at equilibrium should be
small. There is considerable evidence that this pattern is followed.’® Many investiga.
tions were carried out with semiconducting melal oxides whose carrier concentration
had been modified by addition of altervalent ions. In a p-type semiconducting oxide,
such as NiO, the addition of a monovalent cation like Li* increases the number of posi-
tive holes and, hence, the conductivity, The addition of trivalent jons such as Cr®* de-
cteases the number of positive holes and conductivity. Schwab and Block® found that
addition of Li* not only increased the conductivity but also decreased the activation
cnergy for oxidation of carbon monoxide on NiO surfaces. It was concluded that the
formation of a positive ion on the p-type semiconductor surface is the rato-determining
step. In an n-type semiconductor like ZnO, the addition of Li* results in a decrease in
the number of free electrons and, consequently, a decrease of the conductivity. The
addition of trivalent jons like Ga** increases the conductivity by increasing the supply
of free clectrons. Li* doping resulted in an increased activation energy, Ga®* doping
in a decreased activation energy for the carbon monoxide oxidation. These results are
consistent with the idea that the catalytic oxidation of carbon monoxide on ZnO sur-
faces involves the chemisorption of oxygen as the slow step, Sinee oxygen is an electron
ucceptor, the greater the supply of electrons at the surface of the ZnO the casier will be
the formation of the surface oxygen ions and, hence, the lower the activation energy
for the catalytic process.

Other examples of a relationship between semiconductivity and catalytic activity
ar¢ known. However, the relationship is not at all as clear and straightforward as the
above examples might lead one to believe, For instance, when Parravano®! studied the
oxidation of CO over doped NiO, he found the opposite result to that of Schwab. The
activation energy of carbon monoxide oxidation increased rather than decreased as the
concentration of the Li* ions in the NiQ was increased. Conversely, the addition of Cr?!

88y Hauffe, ' Semiconductor Surface Physics,” R, H, Kingston, Ed., University of Pennsylvania Press, Philadelphia,
Pennnylvania, 259 (1956).

9. 5. Stone, in **Chemisorption,” Proc. Chem, Soc. Symposium (1986), W. E. Garner, Ed., page 18], Academic
Press, New York (1937),

60(2. M. Schwab, J. Block, Z. phys. Chem, N.F., 1, 42 (1954); Z, (. Elekirochemie, 38, 736 (1984);
“Semiconductor Sutface Physlcs,'’ R. H. Kingsfon, Ed., Univerdty of Pennsylvania, 283 (1936).

81G. Parravano, J. Am. Chem. Soc., 75, 1352, 1448 (1953),
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caused a lowering of the energy of activation rather than an increase. Schwab'’s work
was later confiemed by Dry and Stone,$?  Paravano’s by Roginsky.%® There are some
differences in how these experiments weee conducted. The most important is that
Schwab studied the carbon monoxide oxidation in the temperature runge of 250-450°C
and Parravano, in the range between 180 and 250°C. However, this reversal of the
dopent effect with temperature cannot be interpreted on the busis of the boundary
luyer theory. Dell and Stone® investiguted the chemisorption of oxygen, hydsogen,
and carbon monoxide on nickel oxide and found already in 1954 that electrostatic ef-
feets ulone do not provide a satisfuctory interpretation of these processes. Sinee then,
much information was obtained which shows that chemiceul effects such as bunding to
surface sites of different nature and encrggies are often more important than current
carrier concentration and position of the Fermi level. Much work along these lines was
done by Teichner,® as well as Burwell® which will be discussed in a later section,
Sorroborating these views are the rewalts of Gray®? (presented later) which indicate

that deep lying trapping levels (sites of different nature and energy) may be more impor-

tant in catalysis than the principal donor or aceeptor levels (free electrons or holes).

The boundary layer theory is bused on the band model of the solid state. How-
ever, us pointed out by DeBoer and Verwey,$8 Mott,* and Morin,™ the 3 d-oxides
Cr3 03, Mn3 0y, Fea Oy, CoO, NiQ, and CuO, unlike Z1:0, do not appear to form a
3 d-bund but have 3 d-levels localized around the cations. Consequently, theory also
indicutes localived interaction in chemisorption on the oxides from Cry Oy to CuO,
rather than interaction with free eloctrons or holes,

b. Volkenstein Theory. The most comprehensive study of the electronic
fuctor in catalysis was carried out by Volkenstein in his *Electronic Theory of Catalysis
on Semiconductors.””  Volkenstein terms it o quantum mechanical examination of the
interaction of foreign molecules with erystal lattices. Contrary to the boundary layer
theory, the Volkenstein theory includes chemisorption without clectron transfer,

52\, K. Dry and I, 8. Stone, Dise. Fumday Soc., 28, 192 (1959),

63N, P, Keier, 5. 7. Roginaky, und P, S, Sanonova, DokL Acad. Neuk, SSSR, 106, 859 (1086).
64y, M. Delt and ¥, 8. Stone, Trann, Faraday Soc., 30, 501 (1954).

63p, C. Gravelle and 8. J, Teichner, Advances in Catalysis, 20, 167 (1969), and references therein,
66p 1. Burwell, G. L. Haller, K. C. Taylor, and ). F, Read, Advances in Catalysin, 20, 1 (1969).
671, ). Gray and P. Amigne. Surface Science, 13, 209 (1969),

68)_ 1, DeBoer and E. J. W. Verwey, Proc. Phys, Soc. (Londan), 49, 66 (1937).

9N, K. Mott, Proc. Phyx. Soc. (London), 62A, 416 (1949).

70y, S, Morin, Bell System Tech. t ﬁ 1047 (1938); "Semiconducton,” N, B. Hannah, Ed., ACS Monogruph 140,
chapter 14, Reinhold, New York ( 59).

"l". F. Volkenstein, “The Electronic Theory of Catalysis on Semiconductors,” Pergaman Press Book (1963).
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Volkenstein postulated that localization of a free electron or hole on or near an
adsorbed particle produces a change in the nature of its bond with the surface, leading
to steengthening of the bond. Therefore, two kinds of bonds in chemisorption are dis-
tinguished, One is “weak” chemisorption in which the chemisorbed particles remain
electrically neutral and in which the bond between the particle und the lattice is brought
ubout without the participation of a free electron or hole from the crystal lattice but by
deformation of the electron cloud of the foreign moleeule or the jon of the lattice
which is the adsorption center. This bond is analogous to one-tlectron bonds in mole-
cules. In the “strong” chemisorption, the chemisorbed particle retaing in its neighbor-
hood a free electron or hole which is involved in the chemisorptive bond. If an electron
is captured, the strong bond formed is called un n-bond, or aceeptor bond. If a free
hole is captured, a strong p-bond, or donor bond, is form.:d. Acceplor and donor bonds
can be jonic or homeopolur or of mixed type depending on how the electron or hole is
captured and distributed. The eleetrons or holes may be taken from the lattice or they
may he obtained from the atoms or jons of the lattice which st as adsorption centers,

Free eleetrons or free holes in u erystal perform the funetions of free negative or
positive valencies, Consequently, “strong™ chemisorption indicatex a free surface valen.
cy being involved in the bond, In other words, valency-saturated particles are being
converted to radicals or jon radicals which leads to inereased reactivity, It can be con-
cluded that the different forms of chemisorption ure distinguished not only by the
churacter and strength of the bond but also by the teactivity of the chemisorbed particle.

The various forms of chemisorption may be converted into one another, e, in the
course of its life in the adsorbed state, the adsorbed purticle may chunge the churacter
of ite bond with the surface. This happens as a result of localization or deloculization
of free electrons or holes. A particle held by o “weak™ chemisorptive bond which has
an affinizy’ for a free clectron is veflected in the energy band representation of solids by
u local aceeptor level: a particle having an affinity for o hole coreesponds to a local
donor level, The oceurrence of an eleetron at the loval aceeptor level or the removal of
an cleetron from a local donor level indicates the transition from *weak™ (o “strong™
bonding. The removal of an electron from an acceptor tevel or a hole from a donor
level indicates the transition from the “strong™ to “weak™ form of chemisorption. In
the “Boundary Layer Theory,** weak bonding is not considered, and the removal of an
cleetron from an aceeptor level or o hole from a donor level means desorption of the
particle, sigmifying the disappearanee of the local level itself, Volkenstein stresses that
thix notion of an acceplor level which exists only as long ws it is oceupied by an electron
or u loenl donor level which is always deprived of its eleetron rendees meaningless the
very coneept of o local level as a level eapable of aceepting or giving up an electron,

When electronie equilibrium has been established, the relative coneentrations of
different formes of chemisorption on the surface and thereby the eeactivity of the
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chemisorbed particles as well are determined by the position of the Feemi level on the
surface of the eryatal, If the Fermi level is close to the conduction band, the relative
number of strong ueeeptor bonds will be great. If the Fermi level is situated close to
the valence band, the relative number of srong donor bonds will be great, The relative
concentration of the “weak™ form of chemisorption will be greatest when the Fermi
level in equidistant from the conduction and valence bands, Different forms of chemi.
sorplion reflect different reactivitics of the adsorhed particles, The reaction rate will
w higher the higher the concentration of the active forms. Consequently, the rates of
reaetions will depend on the position of the Fermi level of the solid. 1n cases where
different reactions can oceur, such as for instance dehydration or dehydrogenation of
aleohals, the relative activity of the catalyst for dehydration or dehydrogenation (the
course of the reaction) will also depend on the position of the Fermi level,

According to the variution of reaction rates with the position of the Fermi level,
Volkenstein divides all heterogencous reactions into two elasses, To one of these be-
long the reactions which proceed more rapidly the higher the Feemi level (all other con-
ditions being equal). These are eeactions aceclerated by electrons and are called aceept.
or reactions, or n-cluss reactions. To the other elass belong renetions whose rate is the
greater the lower the Fermi level, They are called donor eeactions, or paclass reactions,
Not only different reactions but alwo the different reaction stages of a given reaction
may belong to opposite clusses, An acceplor stage may be followed by a donor sage
and viee versy, Stuges in which the eate of reaction does not depend on the position of
the Fermi level ure also possible. Volkenstein shows that the position of the Fermi
level depends to some degree on the condition under which the reaction oceurs, i, on
the temperuture and the partiol pressures of the reactants, Sinee the Fermi level posic
tion is to a certain extent o funetion of the temperature, it enters the experimental aeti.
vation energy as o camponent. Thix conxideration may permit the interpretation of
Schwabs™ and Parravana®™ divergent results on carbon monoxide oxidation which
were obtained with identically doped Ni9 an catalyst but at different temperatures,

“Strong™ chemisorption on semiconductors leads to charging of the surfaee and
the appearance of u space charge. This produces hending of the energy baids near the
surfuce, und the distanee hetween the Feemi level and the eneegy bands will be diftfesent
near the surfuce (K,) as compueed o this distanee inside of the ceystal (K, ). Using the
condition of eleetrical newtrality of the eryatal as a whole, Volkenstein showed that K,
depends on . Sinee sueface propertios sueh as catalvtie activity are determined by K,
and bulk properties sueh as eleeteical conduetivity by Ey oo correlation between surfaee
and butk prapertien is estublished, Hloweser, the porallel change of eleetrical condutivity

nli. M, Schwab, ,I Blovk, 7, phys, Chem, NF.. L, vl2(|‘)5'l')'. 7.1, Elektrochemie, 38, 786 (1084): “Semleon.
ductor Surfuce Phvsies,” R, Kingston, Gd., Tiiverdty of Pennsy bvunia, 283 (1950).

T3, Purravano, ). Am, Chem, Soc., 75, 1352, 1448 (1953).
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and activity can be direct or inverse. If an n.class reaction on an n-semiconductor or a
p-class reaction on a p-semiconductor occurs, the relation between electrical conductiv-
ity and catalytic activity will be direct. In the case of an n-class reaction on a p-scmi-
conductor or a p-class reaction on an n-semiconductor, the relationship will be inverse.
1t in also emphasized that a connection between electrical conductivity and catalytic
activity may not oxist in all cascs, and parallel changes of these quantities cannot be
expected when comparing semiconductors differing in their chemical nature.

The relationship between the surface snd bulk properties breaks down in the case
of a “‘quasi-isolated surface.” This can happen when the surface concentration of elec-
trons and holes localized in surface acceptor and donor levels are nearly the same.
Under these conditions, a change in the distance of the Fermi kevel from the energy
bands in the inside of the crystal is not accompuanied by a change in thie distance on
the surface,

In the Volkenstein theory, poisoning and promoting effects of impurities are dis-
cussed, Under the teem “impurity " not only foreign atoms are meant but also any lo-
cal disturbance of the lattice. The role of an impurity is also (ulfilled by chemisorbed
particles participating in the reaction. Two types of impuritics are distinguished -
namely, acceptor and donor impurities—which play the role of locativation centees for
lattice froe electrons and holes respectively. The same foreign particle dissolved in the
lattice can assume the role of an aceeptor or donor impurity depending on the manner
of its inelusion in the lattice, ie., whether it is in an interstitial position or substitutes
for a regular lattice ion, Accoptor impuritics always displace the Feemi level downward,
donor impurities upward. By increasing the temporature or lowering the impurity con.
tent, the Fermi level is always drawn to the center of the forbidden region. Since the
porition of the Fermi lovel affects the activation energy, all of this results in promolting
or poisoning effeets, Aceeptor reactions are uecelorated by donor impurities and slowed
by aceeptor impuritics, Donor reactions are aceelerated by aceeptor impurities and
slowed by donor impurities. Thewe considerations show that the same impurity in the
same catalyst may act as a promotor in one reaction and as a poison in another. 1f a re
action consists of two or more consecutive stuges belonging to donor and acceptor
classes, an increase in impurity content (displacement of the Fermi level) may shift the
rale-limiting step from one stage o the other. This shows thut an impurity which aetx
for a particular reaction ut one concentration us a promotor may be a poison at another
concenlration,

Another interesting aspeet of Volkenstein's views is the influence of fine dispersion
of cotulysts on their catalytic properties. The space chaege is uniformly spread over the
whole volume of very small semiconduetor purtickes if the ratio of volume to surface of
the purticle in equal or smaller than the diameter of the surface space in which the ener-
gy bandn are bent (sereening length). In other words, the Fermi level is the same on the
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surface and in the inside of the particle, This will affeet the adsorption capacity and
catabyvtic activity, This effect can be expeeted when the surface area reaches tens of
syuare meters per gean, The sereening fengeth is usaally 30741075 ¢,

I a more recent paper,™ Volkenstein emphasized that in chemisorption the teem
“clectron transter” ix nol to be understood ina geometrical sense but in teems of enep-
gy as a tranxition of an electron from one energy level to another, The teem eleetron
teansfor™ in its diecet geometeical sense should be discarded in works on chemisorption
und catalysis, fust an at one time the coneept of electron orbits was discarded in the the.
ory of the atom, Volkenstein also stressed that the coneept of local and conperative
interaetions is fundumental 1o the eleetron theory. In the fiest case, we deal with the
interaction of an adrorbed particle with an adsorption center, In the second case, the
eative colleetive of free electrons and holes of the lattice comex into play, Problems of

the fiest Kind belong to quantum mechanies: those of the seeond kind to guantum
stutistics,

With his “Eleetronie Theory of Gatalysis on Semiconductors,” Yolkenstein demon.
struted the possibility of o formalized theory with consideration of weak amd strong
chemisorptive bonding, the variation between bulk and sarfaer churaeteristivs, and the
struetuee sensitivity of these featares, The Yolkenstein Theory has many parameters
which is not surprising in view of the complesity of catalysis, However, due (o the
lurge number of parametees, it ic diffiealt to prove or disprove the theoey or to ase it as
u guide for the diseovery of new catalysts,

In this and the following paragraph, some experimental work with relevanee to the
Volkenstein theory will be diseussed, In the Volkenstein theory, the formation of radi-
cals and radical ionk on suefures is postulated,. This matter was studied experimentally
by Kasansky und Pariisky ™ who found in cleetron spin resonanee investigations that
free rudiculs forming a weak, oneselectron bond with the catalyst ean only be found on
surfaces of inslators, These honds were found 1o be o weak that these species are not
expected to be important in catalysis, (They can be observed only at temperatures be.
low <130°C.) On semiconductor surfucey, this forn of radicals was not found probably
because they teap free eleetrons and transtorm to strongly chemisorbed molecules, Rad-
ical ions formed by lovalization of feee electrons on the adsorbed pusticles were found
on semiconduetor surfaces and are expected to be impaortant in catalysis,

The muny experimental studies aimed at coreelating semiconduetivity and catalytie
activity careied ont mainly in the 1950°% did not yicld conclusive results, In more recent

oy = e e
Chpe 1, Volkenstein, 4th liternational (.‘nq('nw on Catalysin, Moseow, 1968, reprints of papers complivd for The

Cutulysis Soclety by Joe W, Hightower, Chemieal Engineeriog Department, Riee University, Houston, Texas
TI00), Vol, 8, p, 92,

My, B, Kusanaky und G, B, Puriisky. Proc, 3nt Internationa) Congeess on Catalysis, Yol, |, pate 307, North.Hollund
Publishing Go., A derdum (1965),
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times, Vreieland and Selwood™ dealt again with this problem. They recognized that the
rare carth oxides Eug Oy und Gdy Oy are about s neerly identicul as two solids can be
exeept for the difference in their semiconductivity, Kuy Oy hus one less electron in the
4-shell and offers the possibility of reduction 1o the 2+ oxidation state, Owing to the
shiclding of the outer electrons, exchange effeets are minimal in both these oxides,
Both are n-type oxides, but the semiconductivity of Fuy Oy is greater by a fuctor of 19
al 800°C thun that of Gdy Oy, Since the experiments showed that the rate for the de-
composition of amemonia und the activation encegy for this reaction are almost identical
for cach of the oxides, the conclusion was drawn that there is no relation between semi.
conductivity und catalytic uctivity in this case.

¢.  The Role of Electrons and Holes in Surface Reactions on Semiconduc:
tors as Discused by H. Gerlscher. Gorischer's discussion of electron transfer processes
on semiconductor surfaces is interesting from the viewpoints of both electrochemistry
and catalysis.” In these processes, he distinguishes the cases of weak und strong inter
aetion between reactants and semiconductors, In weak interaction, the energy levels of
the reactants and of the semiconductor remain unchanged. In strong interaction, new
energy states are formed by combination of suitable statex of the reactants und the
semiconductor,

In the case of woak interaction, electron transfor is most likely if the enorgy lovels
of the reactunts and the semiconductor surface are on the same height and will bo limit.
od to a range of energy levels differing by not more than kT, This principle excludes all
onergy levels of donors or ueceptors within the band gup from eleetron transfer, 1f sur-
face states are present with energy levels within the forbidden sone, they can contribute
to the electron exchange to some extent, This may beeome important in cases where
the direct exchange rate is small because the energy levels of the reactants are in the en-
ergy range of @ wide band gap semiconductor. When the overlapping of the orbitals of
surface atoms and reactants is large enough and the necessury symmetry conditions are
fulfilled, new quantum states for electrons are generated in the surface (strong interae-
tion). The favorable bonding states will be close to the valenee band energy levels; the
corresponding antibonding orbitals will have energics near the range of the conduction
band, Bond breuking between surfuce atoms will oceur if the eneegy levels of the new
bonds are helow the top of the valenee band. The new bonds can be formed cawily if
unoccupicd quantum stutes are availuble in the valenee bund and if the excess cleetrons
can he transfereed into bonding quantum states, Otherwise, eleetrons of the reactunts
would have to be excited to antibonding states which excludes bond formation,

4. G, Vrieland und B, W, Selwood, ). Catalyin, 3, 539 (1964).
"), Gerincher, Surfuee Science, L, 268 (1969).

14

et — e




Surface atoms in the radical intermediate state with one unpaired eleeteon can
. interact much more readily. 16 reactant approaches such a radical susfuee atom, a new
i‘ i chemical hond is formed by combination of the orbitals of the radical surface state and
: the highest oceupied state of the reactant, Bonding oveurs sinee two electrons are in-
corporated into the new bonding orbital while one must be promoted into an antibond-
ing orbital, The strongly adsorbed reaetant now has one unoveupicd eleetronie state
3 available which can pick up an cleetron fro m the conduetion band. 1f this oveurs, the
} honding will be weakened wo much tisa? desorption can follow, particulurely i the de-
¥

sorbing speeics is able to carey away the exeess eleetron und to andergo an ireeversible
change in chemical structure,

An example of such behavior is the reduction of 13 Oy which oceurs on germanium
' only after interaction with o rudical surfuce state, Electeon transfer and decompaosition
into OH” and O guped Tollow. The rte-determining step is the generation of endical
surface states which is contralled by the coneentration of cleetrons in the sarface,

o

] . An unatogous mechanism can be postulated for the oxidation of electron donors
g which cannot transfer eleetrons dircetly into the valenee band of the semiconduetor,
“\ The strong inteeuction between the eleetron states of the surfuce aaa the reactants

brings the oveupied energy levels of the adsorbed malecules into the energy range of
the valence bund and charge transfer becomes possible. 18 holes are present in the sue.
fuve, they cun be transforeed to the adsorbed molecules. This leads to a weakening of
the bond and an oxidized species can be desorbed,

, Geriseher coneludes that the efficieney of electrons and holes in redox processes

F ix primarily controlled by the energy coreelations between the quantum states in the
energy bunds of the semiconduetor and the donor or aceeptor levels in the potential
reactants, Sinee the quantum stutes in the range of the energy bands do often little
overlap with clecteonie systems outside the semiconduetor, radical surfaee states will

, be most important for chemical interaction (chemisorption), The eneegy levels of these
rudical surface atoms will be loeated within the band gap.

An eleetroneutral catalytic reaction must include an oxidution and u reduetion
. step in purallel. This becomes more unlikely the larger the band gap is. On the other
. hand, with increasing band gap, the importanee of surface states within the gap will in-
creuse, Thewe surface states are “active centres™ for adsorption und can catalyze the
cleetronic interaction between potential reactants and the electrons in the bands of the
: crystul if a eharge transler process is involved in the net rcaction, I seems mueh more )
- probable that catalytic reactions on semiconductor surfuces depend on the presence of
surfuee states rather than on the eleetron distribution over the energs bands in the erys.
tal interior. Thix is in contrast to clectrochemical renctions where the electrons and
holes have u devisive funetion in most cases,




Gerischer's theory appears to be more in line with current results and thinking in
catalysis resvarch as compared to Volkenstein's views. Volkenstein, for instance, con-
sidered strong adsorption to be mainly due to interaction of adsorbed particles with
conduction electrons or holes, It is interesting to note the similarity between Gerischer’s
surface states and the deep-lying trapping levels observed by Gray.

d.  The Role in Catalysis of Deep-Lying Levels as Compared to the Role of
the Principal Donor or Acceptor Levels as Discussed by T. J. Gray. Adsorption and de-
sorption phenomena on Zn0O were widely investigated™% and frequently interpreted
in terms of the boundary layer theory and Volkenatein Theory, i.e., they were directly
and exclusively related to the donor level of 0.12 to 0.15 ¢V, However, Gray had al-
ready pointed out in 1960 that deeper lying levels may play u significant role also. In
a recent paper,® Gray and Amigues obtained more information on these levels and
found indications that decp-lying levels may be more important for catalysis than the
principal donor or acceptor levels which give rige to semiconductivity, These results
were obtained with ZnQ), an n-type semiconductor, which was extensively used in in-
vestigations aim~ at correlating semiconductivity and catalytic activity, Gray and
Amigues use © technique of thermally stimulated electron currents whereby ex-
tremely pure O or TiO; was illuminated at -196°C (using UV light exceeding in
energy the respective band gaps) and then slowly and uniformly warmed in the dark
whereby temperature and current were continuously recorded. The exact location and
occupancy of various trapping clectron levels could be deteemined in this way. Even in
extremely pure Zn0 (99.999%), lovels at 0.4-0.5 ¢V, 0.6 eV, 0.8 ¢V, 1.0 eV, and 1.1:1.2
eV were found as well as the well-known donor level at 0.12:0.15 ¢V, The levei at
0.4-0.5 ¢V could be identificd as being due to a residual copper impurity of about 0.3
ppm. The trapping level at 0.8 eV is associuted with the adsorption of the 07 ion, and
the level at 1.1 eV wus attributed to an jonic conduction process with an activation en-
ergy of 1.1 ¢V, Experiments in different atmospheres revealed that adsorption or de-
surption of oxygen, hydeogen, water vapor, or hydrocarbons has o more profound ef-
feet on the trappings of deep-lying levels than on the donor level, Consequently, it up-
pears that the deep-lying levels have greater significance in catalysis than the principal
donor level, Gray points out that this should not surprise chemists sinee the energy of

y, J. Gray, Actes du Deuxieme Congrew International de Catulyse, p. 1361, Editions Technip (1961),

791'. d Gray and D, Carpenter, Proc, 3rd Internutional Congress on Catalysin, Val, 1, p. 403, North-ilolland
Publishing Gompany., Amsterdam (1963),

m’l". 8, Stone and T, 1, Barry, Pror, Roy. Soe, (London), A283. ) 24 (1960),
ml. A Myamitkov, Dokl Akud, Nawk SSSR, 949, 115 (1954),

MA. N. Terenin and Y. P. Solomitrin, Dise, Furaday Soe.. 8. 38 (1939),
83, ¥, Volkenstein and 5. M. Noran, ). Chim. Phyx, SS5H, 55, 443 (1988),
U ). Geay and P, Amigues, Sutface Scienee, 13, 209 (1969),
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the principal donor level corresponds to a heat of adworption of only 2.7-3.5 Keal/mole
while a heat of adsorption of 8-18 Keal/mole, corresponding to the energy of the deep-
er levels, i in @ more reasonable range. Gray also stressed that his results which show
the importance of deep-lying levels in chemisorption and catalysis may bring about a
reconciliation of the views expressed in the electronic theory of catalysis with those
which constitute the acid site concept.

IV. RECENT CHEMICAL CONCEPTS IN CATALYSIS

1.  Crystal Field Theory in Catalysis. In 1951, crystal ficld theory was used the
first time to interpret the spectra of transition motal complexes,®  This approach was
very suceessful and resulted during the following decade in an avalanche of rescarch ac-
tivity in inorgunic chemistry, Some yeurs later, crystal ficld theory also began to have
some impuct on research in catalysis. Therefore, it will be briefly discussed here: In a
transition metal ion which ia isolated from all other species, as for instance in vacuum,
the five d-orbitals are degencerate which moans they have identical energies. In solution
and in the solid state, cach transition moetal ion is surrounded by negative ions or by di-
poles; us a consequencee, it is more difficult to place electrons in the d-orbitals of
the transition metal jon, In other words, the energy of the d-orbitals increases as ligands
upprouch the orbitals. In addition, the interaction of the d-orbitals of the transition
metal ions with the ligands leads to @ removal of the degencracy, and the five d-orbitals
of identical energy become split into sets of different energies, This is o consequence of
the geometry of the d-orbitals, of which some can be approuched closer by ligands than
others, In the case of octahedral symmetry, two sets of energy levels are formed and
the distance between these is designated 10 Dg or &, One of the new energy levels is of
lower energy than the hypothetical non-split level, Therefoee, placing of electrons into
the lower energy level leads to an inerease of the stability which is known under the
teem “erystal field stabilization energy.” In going from left to right in the first long pe-
riod of the periodic table of elements, one sees that the erystal field stabilization energy
increases from zero at d® (Ti%*) to o maximum at @ (Cr3* ) and falls to 2ero at &% (Mn3*
or Fed* ), Then, the erystal field stabilization energy increases again and reaches another
maximum at &% (Ni?*) after which it fulls sgain to ecach vero ot d'° (Zn?t). The same
twin peak was found when comparing propertios of transition metal compounds such an
luttice encegivs, heats of hydration, or stability constants, 1t turned ont that these
trends in transition metal compound properties could be i epreted by considering the
erystul field stabilivation encrgies,

Dowden and Wellk® recognized that an analogous activity pattern (twin peak) ex.
isted for catulytie reactions on surfaces of transition metal compounds and suggested

855 ltue and 1. Hartmann, 7, phyn Chem,, 197, 239 (1981),

MP' riA'(Il)g:ld)?" and 1. Wells, Actes du Deusieme Congress International de Catalyse, p. 1499, Edition Technip,
arls
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that the crystal field stabilization energy may be a significant factor in chemisorption
and catalysis, They pointed out that the transition metal ions which are at the surface
of a solid do not have their energetically most favorable coordination, When chemi-
sorption oceurs, the coordination shell beeomes completed.  This leads to a gain in en-
crgy which will be greatest where the crystal ficld stabilication energy is greatest, Con-

sidering chemisorption as a form of coordination change, the energetics of chemisorp-

tion could be estimated using the known crystal ficld stabilization encrgies. For a (100)
plane, cheminorption amounts to a courdination change from square pyrumidal to octa-
hedral: for u (110) plane, to a change from tetrahedral to octahedral; and fora (111)
plane, to a change from trigonal to octahedral. Consequently, the gain in crystal field
stabilization envrgy when oxygen is adsorbed on a d® system such as NiO is 2 Dq (4.6
Keal mole™ ) on a (100) plane, 8.4 Dq (19 Keal mole!) on a (110) plane, and 1.1 Dy
(2.3 Keat mole™! ) on a (111) plane,

The crystul field considerations provided a theoretical foundation for expecting
difforent catalytic activity for different crystal faces (geometric factor in catalysis), It
also beeame more understood that geometrie and electronic factors can ultimately not
be sepurated because erystal geometry depends on the arrangoment of orbitals in the
atoms. By applying the crystal field theory, attention wus directed to individual surface
atoms rather than to the colleetive eleetronie properties of solids. The efforts to inter
pret chemisorption and catalysis with the erystal field theory considerably stimuluted
roscarch in catalysis. However, it was soon realized that the contribution of the erystul
field stabilization energies 1o the overall encrgy changes is relatively small when changes
in the valency state of catalyst eations are occurring during the eatalytic process.?

2. Formation of Surface Compounds as Intermediates. 1n the 1950, hopes
were high that catulysis could be interpreted in terms of the electronic propertios of
solids, Much work wus done within this framework, but it became inercasingly appur.
ent that more emphusis must be placed on the propertios of individual atoms and com-
plexes at the surface than on collective clectronie properties of solids. As a consequenee
of this, a renvissance of interest in the purely chemical aapeets of catalysis ensued. More
advanced technigues and the deepened understunding of the problems provided a better
basix for this approach thun in earlier times, The application of erystal field theory to
problems in catalysis was an important step in this diecetion, Strong impetus came from
the Duteh sehool of catalysin which  eessed that regularitios in catalysis should be relut.
ed to regulorition in the general field of chemistey,

The work of Fahrenfort, Van Reijen, and Suchtler®® on the decomposition ol for-
mie acid on metal suefaees recvived considerable attention. These authors found that

BT 6, Dickens und M. B, Sutciffe, Trans, Faraduy Soe., 80, 1272 (1964),

B, Fabrenfort, 1. L. Van Reijen, and W, M, H. Suehtler, 7. 1, l".lrktroch«mlv.lg_L 216 (1960); " The Mechuninm of
{eterogencous Catalysin,” J. H. deBoer et al, Ed, Elsevier Publ. Co., Amaierdam, p. 23,
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the curve representing the catalytie activity of metals us a function of the heat of for
mation of the respective metal formates has o maximum for metals whose formates
huve inteemediate values of the heat of formation (so-called voleano cueve), 1 was
concluded that metal formats are intermediates in the decomposition of formie acid on
melal surfaces and that the metals which form maoderately steong bonds with the for-
mate group (intermediate heat of formation) aee the best catalysts, These conelusions
guined strong support from infrored investigations which indicated thut formates were
actually formed on the surfuce of metal catalysis. Kinetie work led to a better under
stunding of the fuets which give rise to the voleano relationship in formie acid decom-
position on metuls, On non-noble metals such as iron, cobalt, or nickel, whoxe formates
have relutively high heats of formation, zero-order kineties and relatively high activation
energies und frequency fuetors were found. ‘This indicates that the surface is fully cov-
cred and that the relatively high strength of the metal-tormate bonds limits the overall
rute to the rate of the surfuce formate decomposition, On noble metals such as gold,
where the heat of formation of formates is low, the rate is limited by the adsorption
step in which the surfuer formate is formed—a reaction which hus a very low frequency
factor. The formatex of the platinum metals have inteemediate hond strengths and con.
sequently these metals are the most active catalysts, i.e., these metals are on the top of
the voleano-shaped cueve, All these results show the wisdom in Subathier's original sug.
gestion that heterogencous catulysis functions through intermediate compound forma-
tion.®® However, the modern view of an adsorption surfuce complex is not exactly the
sume as Subuthicer's,

[t must be suid here that the purely chemical approach to catalysis has been pur-
sued throughout the years, A notable contributor to this field was Balundin® *! who
stressed the importance of hond length und bond steength (Balundin's principles of
structuee and energy coreespondence) and generated the ideas which are known as vol.
cuno relutionship or voleano eurve  This subject will be briefly discussed heee: Balan-
din analyzed the relationship between the adsorption potential q (defined as the sum of
the adsorption energies of all reactants) and the energy of formation E' und the encegy
of decompaosition E of the intermediate sueface complex. E' und E” were expressed ax
the sum of the energics of all formed and broken bonds, The graphic representations
of E' and E" as a function of the adsorption potential uee struight lines which intereept ,
at 4 point where g is one half of the energios of the involv- honds, i.e., the average of ,
the energies of the broken and newly formed bonds. (This constitutes Batandin's encrgy ‘
correspondenee principle.) To the left of the resulting maximum, the rates are limited
by the energies of formation of the intermediate complex, to the right of the maximnm,

49y, Sabathier, * La Catalyse en Chemie Organique,” Librairie Polytechnique, Paeis (1913),
904, A. Helandin, 7, phyn. Chem,, 132, 209 (1929): Advances in Catulynin |9, | (1969).

MA, A Halandin, Advances in Catalys J_q,  (1988); “Cutalysis und Chemical Kinetiea™ Acad, Press, 1ne, New
York (1964); Advaneexin (:llﬂyﬂl\"] L1 (1969)
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by the energics of decomposition of the intermediate complex. At the maximum, the
energies of formation and decomposition are equal and optimum eataly tie riates can he
expeeted (voleano curve), For endothenmie reactions, o sharp maximum is indicated
by the theory, Fur exothermic reactions, the adsorption potential of the most active
catalyst may differ from the adsorption potential at the point of interseetion of the
E' and E" lines hut by not more than one half of the heat of renction. Balandin®s
considerations are based also on o semiempirical lincar relationship between the
energies of formation and decomposition of the intermediate complex und the
activation energy,  This semiempirical velationship is the reason for some eriticism
of Balandin’s work,

3. Concepts in Ilelerogenpoill Catlytic Oxidation.

a.  Reduction-Oxidation Mechanism. As carly as 1986, Schenck,*? und
later Riendcher,® correluted the catalytic activity of oxides for oxidation reaetions
with Ally_(, , the energy necessary 1o remove one mole of oxygen from the oxide sug-
fuce, In the 1960, several groups of investigators devoted considerable effort 1o this
subject which will be discussed in the following parugraphs.

Suchtier und DeBoer® investigated the oxidation of propylene to acrolein and
found that the catalytic activity of cight different oxides could be correlated with their
reducibilities by hydrogen, These results indicated that, in oxidation reactions on met-
ul oxides, oxygoen is removed from the oxide suefuce by the moleenles which are oxi-
dized and then resupplicd from the gus phase, Using radioactive labeled propylene,
Sachtler and DeBoer alvo showed that propylene is udsorbed dissociatively by splitting
off one hydrogen atom from the methyl group and forming an adsorbed symmetrie
mbonded allyl group, The formation of this inteemedinte surface complex wus ob-
seeved alvo by Adams.® %€ In o more recent work, Sachtler et al®? studied the oxida.
tion of benzaldehyde to benzoie ueid on MnQ,, V404 and V304800, us catalysts,
Oxygen tensions of these oxides ax a function of temperature were determined, and the
free energy, enthalpy. and entropy of the oxygen release woere cateulated, The results
showed thut the free energy of oxygen release and the cotalytie activity are inversely
9y Schenck, Agew. Chem,, 49, 649 (1936); 7Z. anont. Chem., 260, 154 (1949),
93y, Rienicker und R, Schnecheng, 2. anorg, ullgem, Ghem,, 282, 322 (1958).

M. M. 1. Suchiler ol N, i1, DeBocer, Proe, Sed Intermationa | Congress on Catalysin, Vol, 1, po 232, North:Hollund
Publishing Compuny, Amsierdam 1968,

93¢, R, Adumnund T. 1. Jennings, J. Catalysis, 3, 63 (1963).

%, . Adumin, Proe, 3rd International Congress on Catulvis, Yol, 1, p, 240, North-Hollund Publishing Company,
Amslerdam (1963 ).

97 \ . . \

W, M, H, Sachtler, G, J, H, Domgelo, ). Fatirenfort, R, ). H, Voorhoeve, 4th Internationad Congrens on Catalysix,

Muoscow I‘I.C‘bﬂ Ih';‘u:mjln of Pa "-‘n\ vu‘!npllrd for The Catalyns Soclely by Joo W, Hightower, Chemical Eigineering
Depariment, Rice iversity, Youstan Texas 77001, Vol 2, p. 453,
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related. The inereased catalytic activity of V,04-Sn0, as compared 1o V,Og (pro-
motor action of SnO; which is very Little active itsell) could also be rationalived in
these terma, sinee the free energy of oxygen release was found to be lower when $n0Q),
was preseni. The inercused catalytic activity of oxide mixtures had already been ob-
served in 1852 by Wohler®™ and eorrectly interpreted in the 1930% and 1940 by
Schenck et al % and Hiittig ef «l.*® Electron spin resonance work of Sachtler ef al.
indicated that the lower free energy for oxygen release of V, 04 <800, ax compared to
V2 0y is probubly due to the formation of V4 jons which dissolve in the SnQ, lattice,
oceupying tin sites, Sachler’s main conclusion, that oxygen is taken from the oxide
und resupplied from the gos phase, was supported by infrared stadics which showed
that the benzaldehyde is adsorbed dissociatively o oxygen sites of the oxide surface
whereby a benzoate-type vurface complex is formed. Infrared work by Fahrenfort and
Rol™® provided information on the type of oxygen ions that are most likely of domi.
nunt importance in the benzaldehyde oxidation on V305, Before going further, the
structure of V504 must be discussed. According to Bachmann et al. ' the lattice of
V305 consists of warped luyers consisting of (he vanadium ions and four-fifths of the
oxygen ions, while one-fifth of the oxygen ions are located between these layers, The
lutter oxygen ions have only one vanadium ion in cach layer as near neighbors, On the
surface, these oxygen ions can be considered to be coordinated to only one vanadium
ion. Now, let us return to Fahirenfort’s reflection infrared work. s speetra showed
that the adsorption of benzaldehyde affects the height of the peak which is attributed
to the V.0 stretching vibration of the singly coordinated oxygen ions but not the height
of the peak which is attributed to the stretehing vibration of the V.0 bonds in the layers,
Consequently, it could be concluded that the singly coordinated oxygen ions are the
catalytically active sites,

Investigations by Sachtler et al.'® indicated that the selectivity of oxide catalysts
for partial oxidation of hydrocarbons or total oxidation of hydrocarbons to carbon di.
oxide and water is influenced by the thermodynamics of the oxygen release from the

oxides. They found that on oxides with a high gradient ?—aé:—{ (Al = enthalpy of oxygen

release; x = degree of reduction due to oxygen release), partial oxidation is favored, but

Al

on oxides with u low gradient -aa——, total oxidation. A high gradient of —a%!implius that
X N

98¢, Wohler, Licbigs Ana. Chem., 81, 235 (1852).

99, Schenck and ¥ Kurem, 7. anors, allgem. Chem., 238, 97(1937).

100G, ¢, Muttix, Handbueh der Katalyse, G. M, Schwab, Ed., Springer Verlag (1943),

““J. Fuhrenfort und N, C. Rol, quoted by W. M. I, Suchtler, Catalysis Reviews, 4(1), 46 (1970).

102)) Bachmann, ¥, R. Ahmed, and W, 1. Bames, 7, Krist., 115, 110 (1961),

"’3w. M. H. Sachtier, G, J. H, Dorgelo, J. Fahrenfort, R. ). IL. Yoorhoeve, 4th Internutional Conﬁrm on Catalysis,

Moscow 1968, it egrlnls of quw.rn compiled for The Catalysis Society by Joe W. Hightower, Chemical Engincering

Department, Rive Jniversity, Houston, Texas 77001, Vol. 2, p. 433
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the successive removal of a second or third oxygen atom from the same site requires
considerably more energy than the removal of the first oxygen atom. Consequently,

partial oxidation is favored on catalysts with a high T gradient, These considerations

improved the understanding of selectivity. Prior to this, only the metal-oxygen bond
strengths were considered to be important, It was suggested that catalysts having low
oxygen-metal bond strengths facilitute total oxidation of hydrocarbons to CO; and
H; O while catalysts with higher oxygen-metal bond strength catulyze selective oxida-
tion to partially oxidized products,!® 108

Boreskov and coworkers!%- 18 ¢onducted extensive investigations on oxygen iso-
tope exchange reactions and catalytic oxidation reactions on metal oxide surfaces. They
found that on oxides which had been heat treated in an oxygen atmosphere, i.e., on
thuse containing the equilibrium amount of oxygen, very similar rates, activation ener-
gics, and reaction orders were always obtained for the homomolecular exchange
(O + 0 2 0% 0'®) and the heteromolecular exchange (OF* + 0L, - = 016 0" +
Ol (ice)- This resuit indicated that oxide oxygen purticipates in catalytic reactions, Con-
sequently, breaking of the metal-oxygen bond must take pluce, and the strength of this
bond will affect the catalytic reaction. In accordance with this, Boreskov!'® was able to
correlate the heats of formation of oxides with their catalytic activity for oxidation. In
a more recent paper, Boreskov!'? presented work in which a more direct measure of the
metal-oxygen bond strength was obtained, numely the heats of oxygen desorption which
were determined by meusuring the oxygen pressure of the oxides at different tempera-
tures, The results showed that the activation energies for the isotopic oxygen exchange
reaction as well us for oxidation of hydrogen and methane increused with increasing oxy-
gen desorption energies of the oxide catalysts, all of which indicates that the breaking
of the metal-oxygen bond of the oxide catalyst is important in the rate-limiting step of
the sbove reactions.  The following sequence of increasing oxygen desorption encrgy
und decreasing catalytic activity was found: Coy 04 > CuO 3 NiO 2 MnO, > Cr; 0, >
Fea Oy > Zn0 >V, 05 > TiQ;. The catalytic activity of platinum, whose surface in
oxidation reactions is covered with oxygen, was found near that of Coz Oy

'°‘w. M. H. Sachtler and N, H, DeBoer, Proc. 3rd International Congress on Cutalyus, Vol, 1, p, 282, North-Hollund
Publishing Company, Amsterdum 1965,

|°5A. A, Bulandin, Advances In Cuulydw 96 (1958); “Catalysis und Chemical K 'neties,” Acad, Prem, Inc,, New
York (1964); Advances in Catalysis, 19, 1 (1969),

106, k. Boreskov, Advances in Catalysis, 13, 203 (1904), and references thervin,
107; K. Boreskov, Dic. Furuduy Soc., 41, 263 (1966).

108¢; k. Boreskov, V., V., Popovsky, V, A, Suzonov, 4th Intemational Congress on Catalysis, Mowow 1968, Reprints

of Papers compiled for The Catalysis Soclntg by Joe W, Hightower, Chemieal Engineering Department, Riee Uni-
versily, Houston, Texas 77001, Vol, 2, p. 380,

109 K. Boreskov, Advances in Catalysis, 1 3, 285 (1964), and references therein,
! 100' K. Boreskov, V, V, Popovsky, V, A, Suzonov, 4th Internutional Congrese on Catulysis, Moscow 1968, Reprints

of Papers compiled for The Cntu‘;nln Sorlrt& by Joe W, Hightower, Chemical Fngineering Department, Rice Uni
versity. llouston, Texan 77001, Vol, 2 p. 580.
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Bureskov!!! observed also that oxides which were not equilibrized by a heat treat-
ment in an oxygen atmosphere but heated in vacuum behaved differently. They dis-
played high initial activities even at comparatively low temperatures, but this activity
was unstable and was lost upon heating in oxygen. The catalytic activity of oxides
which were heat treated in vacuum was studied in considerable detail by Teichner and
coworkers' and others and will be discussed in a later section,

The role of the metal-oxygen bond strength of oxide catalysts was stressed also by
Moro-oka et al."'® " These investigators studied the catalytic oxidation of hydrocar-
bons on surfaces of metal oxides and some noble motals and related the observed rates
and reaction orders to a quuntity (AH,) which is defined as the heat of formation of
the catalyst metal oxide divided by the number of oxygen at~ms in the oxide moleculo.
The larger the AH,,, which signifies the metal-oxygen bond strength, the smaller was the
activity of the catalyst and the higher was the reaction order with regard to hydrocar-
hon, Catalysts with low AH, values sicch as platinum and palladium are characterized
by negative orders in hydrocarbon and nearly first orders in oxygen. This was interpret-
ed as an indication that the surfuce is fully covered with hydrocarbons, and the slow
step of the oxidation reaction s the adsorption of oxygen. For catalysts with medium
AH, values, such as Coy O4 or Fep Oy, nearly vero orders in hydrocarbon and nearly
one-half orders in oxygen were found. It was concluded that both reactants occupy
the surfuce and that the surface reaction is the slow step. Catalysts with high AH,,
values are characterized by first-order kinetics in hydrocarbon and zoro-order kinetics
in oxygen which indicates that the surface is fully covered by oxygen, The slow step

on this type of catalyst would be either the hydrocarbon adsorption or the surface re-
action, Consistent with these views is thut in compotitive reactions, where different
hydrocarbons are prosent, some hydrocarbons inhibit the oxidution of other hydro-
curbons on catalysts with low and medium AH, values. On catalysts with high AH,
values, no inhibiting offects of hydrocarbons wers found. The sequence of hydrocarbon
adsorption strength was found to be iso-CqHy 2> C;H3 > C3 Ny > C3Hy > Cylly which
is the reverse of the reaction order und reactivity sequenee,

It may be uscful to discuass also the work of Roiter e al. and Golodets el ol 18 16

g, k. Boreskov, V. V, Poﬁovnky Y. A, Susonov, #th Internutional Congress on Catalysis, Moscaw 1968, Reprints
of Papers romp\lua for T

¢ Catulysin Soclety by Joe W, Hightowor, Chemical Engineering Department, Rice Uni.
venuity, Houston, Texus 77001, Vol, 2, p. 580,

! ul‘. G, Gravelle and 8, ), Teichner, Advances in Cutalysin 20, 167 (19069), and references therein,
||3Y. Morooka, Y. Morikawa, und A, Osaki, J. Catalyds, T, 23 (1967),
114y, Mora-oka and A, Ouaki, J, Catulysin, & 116 (1966),

by, A, Rolter, G, I, Golodetz, und Yu. Pyatnitsky, 4th International Congress on Catalysin, Moscow 1968, R«Brlm-
of Pupers compiled for The Catalyss Society b%jm W, Hightower, Chemical Enginerring Department, Rice Uni.
versily, Houston, Texae 77001, Vol, 2, page 628,

“[’G. I, Golodetr and V, A, Roiter, Ukr. Khim. Zh., 29, 067 (1963),
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Like Balandin, Boreskov, and other Russian workers, Roiter et al, used the Bronsted
equation (k = gK®) to relate thermodynamics and kinetics (k is the rate constant, K the
equilibrium constant, and g and a are constants). Basically, the same is done in the
lincar free energy correlations which are widely used in organic chemistry and which
were applied also in the field of heterogeneous catalysis.' Correlations of this kind

are made to compare similar reactions of structurally closely reluted compounds in
which case the constants g and a do not change appreciably, thus permitting comparisons,
Using the Bronsted equation and the axiom that highest catalytic activity is to be expect.
ed where the rate constant k; of the catalyst binding process (formation of the interme-
diate) and the rate constant k; of the catalyst liberation process (decomposition of the
intermediate) are equal, Roiter et al. deduced that for the optimum catalyst the free en.
ergy of the intermediate complex formation must be one-half of the overall free energy
change ( (AF) )oy = AF/2). For many reactions, the entropy changes will be small.
Consequently, for the optimum catalyst, the heat of formation of the intermediate com-
plex will be one-half of the overall heat of reaction as well ( (q; Jo ™ Q/2). 1t is obvious
that these considerations constitute a derivation of the voleano relationship, Roiter et al,
made it very clear that thermodynamics can only be expected to predict the relative
catalytic activities of groups of closely reluted catalysts, Predictions of absolute cata.
lytic activities and of relative activitios of differont classes of catalyst are impoesible,

The plots of catalytic activitics of metal oxides vorsus the g values show that for cata-
lytic oxidation of hydrogen or propane, Coy O4 is nour the top of the voleano curve,
MnO,3 and NiO slightly left of it, and CuOQ slightly right of it. With further increaning

g values, the catalytic activitios fall in the saquence Fog Oy, Zn0, and TiO,. The ratos
of the catalytic oxidation of hydrogen or hydrocarbons on metals such as Pt, Pd, and
Rh are roported by Roiter el al. to be orders of magnitudes higher thun the rates on ox-

ides having the same g value, This exemplifies that activities of different groups of cat-

alysts cannot be predicted. The higher rates with these metals us catalysts as compared
to the oxides are attributed to another capacity for hydrogen activation,

Roiter et al. alvo analyv.ed the fuctors affecting the reactivities of different hydro.
carbonn in oxidation on one catalyst, For this case, they suggested that the nature of
the molecule will influence only kj, the rate of decomposition of the intermediate
complex. It this step is rate dotermining for all reactions compared, the differences in
oxidution rates for various hydrocarbons will be only due to differences in ky and the
relative reactivitios will be muinly determined by q, i, the heat of decomposition of
the intermediate complex. Since reactions on one catalyst are considered here, the
cutalyst-oxygen bond energy is constant, The carbon.oxygen bond energies are

Il?M. Kraus, Advances in Catalysin, 17, 78 (1967).




considered to be essentially constunt und, consequently, it was proposed that the re-
activities of different hydeocarbons will depend mainly on the steength of the weakest
curbon-carbon bond, the attack of which by oxygen appears to be often the rate-
determining step, Experimental duta support the predicted relationship between the
carbon-carbon bond strength and the reactivity for oxidation."™  Also, the hydrocarbon
reactivity sequence which was found by Moro-oka'® appears to agree with the theoret.
ical reactivity sequence of Roiter of al,

The widely discussed eelationship between catalytic activity of oxides and the en.
crgy of the metal-uxygen bond prompted Klier2® to attempt a theoretical caleulation
of these bond energien. He defined the stundurd enthalpy A1° of the reaction

'l'- Me, O, +;',- 0 = i‘f Mey Oyap s the metal-oxygen bond energy and showed that

the periodic variation of AH® in 3d oxides depends mainly on the variation of the ioni.
zation potentials of the metal correeted by the smaller but not negligible contributions

of the crystal field stabilization energies. This is also teue for the variation in the enthal-

pies of oxygen chemisorption. For redox reactions such as MeOQ & Mey Oy, the third
ionization potential was considered,

Klier pointed out that the trends in AH® values paraliel the trends in the standard
free energy values &F°, i, the oxidation-reduction potentiuls of the redox couples
Mey O, /Me, Oy Thus, the oxidationreduction potentials of oxides are determined
by the binding eneegy of oxygen, i.e., the M-O bond strength, The plot of AF® veesus
catalytic activity results in the often discussed voleano shaped curves with the couples
Co304/Co0), Cua O/Cu0), und MnO, /Mny O3 near the muximum. At high AF°® values
(Ti3 03 /TiO;, Zn/Zn0) energy effects dominate, The rates are small because the high
metal-oxygen bond energies cause the activation energies to be high, At low AF®
vlues, concentration effects dominate. In thin case, the oxygen is weakly bound and
reactive which will lead to u fow concentration of oxidized sites, and the catalytic activ.

ity will be limited by depletion of oxidized sites. The dutu indicated that this is the
cuse with Cry 0y,

The importance of the M-O bond steength in oxidation catalysis, i.c., the catalyst
oxidation-reduction mechunism, wus confiemed in u very instructive way by Keulks, 13!
The oxidation of propene on bismuth molybdute wus studied using isotopically labeled
oxygen (05). Only 2.0 to 2.5 percent of ®0O, was found in the acrolein formed.
This result showed that only the catalyst oxide ions participate in the reaction and that

l“'M. A, Accomarso, K, Naobe, Ind, Eng, Chem. Proc, Den, Dev,, 4, 428 (l965).
19y Muro.oka and A. Osaki, J. Cutalysis, §, 116 (1966).

120K Kiler, J. Catalysin, 8, 14(1967).

120 W, Keulks, §. Catalysin, 19, 232 (1970).
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the ditfusion of oxide ions from the surfuce into the butk and from bulk to the surface
must be rapid, These experiments also indicated that the adsorption of the oaygen oc-
curs on some portion of the catalyst other than the site for propene adsorption. Simi-
| lar experiments weee caericd out by Wragg, o al, 32 and their results and conelusions

| are in exeellent agreement with the work of Keulks, These results were 1o be expected
i } on the basis of the work of Schuit and coworkers?3 34 whao showed that the initial

1

]

!

raten of the oxidation of 1-butene to butadiene were vietually independent of the pres.
ence of oxygen in the gus-phase and concluded that the oxidizing species were the oxy-
; : gen ionk of the catalyst, The gas-phase oxygen merely veplenishes the anion vacancies

1 created by the reduction of the catalyst surface, This work will be discussed in more

ﬁ ' detall in the following section,

b. Some Results Suggesting the Involvement of Adsorbed Diatomic Oxygen
1 in Catalytic Oxidation. The work of Schuit und coworkers, briefly mentioned ubove,

A provided convincing evidenee for the catalyst reduction-reoxidation mechanism but in

addition indicated that adsorbed distomic oxygen species may be important in catalytic
oxidation reactions on some catalysts, These uuthors studied the oxidation 1-butene

. on varlous oxide catalysts wherehy gascons oxygen was exeluded,  Confieming the
catalyst reduction-reoxidation mechanism, they showed (hat the catalysts were pue.
tiully reduced and at the same time the L-butene was oxidized to the same produets
s in the usual catalytic oxidation in which gascous oxygen is present. The cataly tie ae.
tivities of the oxides could be correluted with u quantity Q, which is the heat of disso-
clution of 1/2 mole of oxygen from the uxide surface wheroby reduction to the next
lower oxlidation state was considered, These Q, values ure o measure of the metal.
oxygen bond strength of the catalysts, Oxides with small @, value such ax for instanee
MnO; catalyze the complete oxidation of the L-butene to carbon dioxide and water ut
relatively low temporatures, At intermediate Q, values (Fega Oy ), maximum selectivity .
for conversion Lo butadiene was observed. On oxides with high Q, values (Sn(),. Ti0,, 4
Zn0), oxidution waus slow and isomerization 9k place,

When the oxide surfaces which were redueed by the interaction with Hhutene
were reoxidized by admission of gascous oxygen, an interesting phenomenon was dis-
covered. Surfuces of oxides with low or medium Qg returned to their initiol oxidizing
capubility, but oxides with u high Q,, value became more oxidizing than initially. Schuit
und cowarkers proposcd that this increased oxidation capacity is due to surface perox.
ides. This seems a reasonable suggestion sinee several groups of investigators found evi-
dence for peroxide or superoxide type species on oxides such ax 1505 ZnO, and

1220 1), Wraga, P. G. Ashmore, and J. A. Hockey, J. Catalysix, 23, 49 (1971),
V2391, A, Batin, ©. J. Kaptelinw, B, C. Lippenn, and G.C. A, Schuit, J. Catalysin 2, 33 (1967),

124py, 6, J, Simons, E. ). M. Verheijen, PH. A, Batist, and G.C.A, Schuit, “0xidstion of Organie Compounds:
Advances in Chemistry Series 76," page 261, ACS 1968,
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S0, 25130 frauiie ™ deseribid the chemisorption of oxygen on ZnQ and suggested
that the fint step ix the formation of a superoxite ion, Burwell32 13 visgatized the
initial chemizorption of oxy gen molecules on chromia to take place aceording to the
reartion Crdf + Oy = Ce¥ O In thix seheme, Crd! stunds for o coordinatively unsat.
urated surface chrominm (D ion, These examples show that the oceurrence of surface
superonides and peroxides during oxygen adsorption on oxides seems not to be disput.
etl, The question is whether these surface peroxides do function as hydrocarbon oxidiv.
it specien or whether they are only intermedintes in the reduction of oxygen moleenles
to axide ionx, Sachtler 3 one of the main proponents of the catalyst reduction-reoxi-
dation mechanism. believes that theee is enough evidenee to show that only the oxygen
ions are the oxidizing species,. However, the observation of Schuit and coworkers that
the oxidizing capability of the high Q,, oxidex is greater after reoxidation than initially
indicates that suefaee peroxides may be importunt in catalytic oxidation.®® Schuit ot al,
interpreted these experimental resuliv as follows: If the Q,, value (M-O bond strength of
the catalyst) is wmall, the mobility of the oxygen ions may be sufficient even at low tem-
peratures to maintain w constant and fust supply of oxygen ions to the adsorbed hydro-
carbon renulting in complete oxidation, On oxide catulysts with higher Q,, values, the
mobility of the oxygen jons will be deeteased and, therefore, the oxidution will ocer
onhy at higher temperatures as compared with the smabl Q,, catalysts, The average resi.
denee time of the adsorbed hydeocarbon will bre reduced al the higher temperature, und
the ehanees for complele oxidation beeome smaller and paetind oxidation will oceur, On
uxides which have high Q,, values, the reaction of adrorhed hydrocachons with oxygen
ions will be slow but heee peroxide or superoside jons take over in oxidation catalysis,
Teichner and coworkersB® found evidenee for the involvement of superoxide ions in

the oxidution of hydrocarbons on titanium dioxide catalysts which were irradiated with
ultraviolet light,

'Ms‘l."“l'.":‘&&l;a;;(l;%?‘ :nl International Congress on Catalyais, Yol 3, page 484, Northd inllamd Publishing Co.,
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PV, M, 11, Sachtler. Catalyin leviews, 4(1), 27 (1970,
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On the basis of general principles and in analogy to the coordination chemistry of
the oxygen molecule in solution, Dowden®? had previously suggested that peroxide
complexes may be important in oxidation reactions. He proposed that an oxygen mole-
cule and a hydrocarbon molecule may become coordinated to the same metal ion on
the oxide surface, Interaction between these *ligands™ may then lead to a rearrange:
ment in which the oxygen molecule is inserted between the surface metal ion and the
adsorbed hydrocarbon, thus forming an adsorbed hydrocarbon peroxide, Subsequent
dehydration will lead to an aldehyde, Such a mechanism is favored also by Margolis!3®
who stressed the importance of readily occurring rearrungements (isomsrisation) of the
oxygen-hydrocarbon complexes on the catalyst surface.

In a recent paper, Margolis® summarized her work on hydrocarbon oxidation and
proposed a mechanism in which the surface oxygen ions of oxide catalysts as well as ad-
surbed diatomic oxygen have essential functions. The experimental part of this paper
describes the oxidation of '*C labeled propene, acrolein, and acetaldehyde on a bismuth
oxide-molybdenum oxide catalyst. The oxidation of propene led to the formation of
acrolein, acetaldehyde, carbon monoxide, and carbon dioxide, The C distribution in
these oxidation products indicated that the reaction proceeds through a symmaetric ally)
type surface complex. This is a confirmation of the carlier work of Sachtler,¥0 4!
Adams snd Jennings,*? ™ and of Voge ot al. ™ The oxidation of '*C labeled alde-
hydes, such as acrolein or acetaldehyde, resulted in the formation of formaldehyde, car-
bon monoxide, and carbon dioxide. The 4C distribution in these products of the alde.
hyde oxidation showed that the formaldehyde stems from the aldehyde group and the
carbon oxides from the vinyl or methyl group respectively. This result is interesting in
conjunction with the obssrvation of other investigators®3: %8 who found that in

'378. ’z.s)l?owdom Colloquio sobre Quimica Flsica de Procesos en Superficios Solidas, C.8.1.C. Madrid, page 1 77

"“l,. Ya, Margolis, 4th Intemational Congress un Cnglylh. Moscow 1968, Reprints of Papers complled for The
(.ml]ym Rociety by ioe W, Hightower, Chemical Engineerirg Department, Rice University, Houston, Texan
71001, Vol 1, pane 327,
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141y, M, 11, Sachtier and N. l1. DeBoer, Proc, Srd International G Catalyniw, Vol. }, p. 263, North-Holland
Publishing Companys Atsterdam 1068, ' onrest on Lalalysis, ToL 1 p. 234, TorfhTloTan

1420, R, Adumsand T, J. Jennings. ). Catalysis, 3, 63 (1963).

143, R, Adumu, Proc, 3rd International Congress on Catslyss, Vol. 1, p. 240, North-Holland Publishing Company,
Amsterdam (1968),

'“H. H. Voge, C, D, Wagner, and 1, P, Stevenson, J. Catalysis, 3, 38 (1963).

145, Kemball and W, R, Patterson, Proe. Roy. Soc, (London), A(270), 219 (1962).
146w, K, Patterson and C. Kembull, J. Catalysis, 2, 468 (1963),

47 R, Geberich, N, W. Cunt, and W, K. Hall, ). Catalysis, 16, 204 (1970),
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oxidation of ethene on palladium some partial oxidation to acetaldechyde and acetie
acid occurs and that this partial oxidation and the c. nplele oxidation are not conseeu-
tive but parallel reactions. Apparently neither on oxide nor on metal catalysts does the
complete oxidation of hydrocarbons proceed to a significant extent over aldehyde and
carboxyl groups as intermediates. Margolis™® also found that the oxidation rate of al-
dehydes which have a double bond is considerably smaller th=i the oxidation rate of
aldchydes without a double bond. This observation led to the speculation that saturat-
ed aldshydes are bonded to the catalyst at the carbunyl bond and unsaturated aldehydes
at the double bond via »-bonding.

Margolis and coworkers'®® ¥ found that preadsorption of oxygen on oxides which
catalyve partial propene oxidation results in higher hydrocarbon coverages, On the
other hand, with oxides which catalyxe the complete propene oxidation, preadsorption
of hydrocarbon resulted in higher oxygen coverages. These findings can be understood
on the basis of results, obtained in clectron work function studies, which indicated that
different oxygen-hydrocarbon complexes are formed on catalysts for partial and com-
plete oxidution respectively. The oxygen-hydrocurbon complexes formed on catalysts
for partial oxidation contain more carbon atoms thun oxygen atoms and have a positive
charge. The oxygen-hydrocarbon complexes formed on catalysts which facilitate the
complete oxidation of hydrocarbons consist of more oxygen atoms than carbon atoma
and their charge is negative, Murgolis®? pointed out that these findings may be useful
fur understanding why electronegative additives such as sulfur, phosphorus, selenium,
tellurium oxides, or halides inercase the catalyst selectivity for partial oxidation, ' The
clactronogative additives may reduce the oxygen adsorption and hinder the formation
of the negatively charged oxygen-rich oxygen-hydrocarbon complexes, all of which will
lead to suppression of the complete oxidation,

Higher catalytic activity of mixed oxides as compared to individual oxides was
often obwerved (which was previously discussed in this chapter). Smaller cuergies for
oxygen release™ or more favorable conditions for formation of anion vacancies'® weee

149, vu. Margolin, J. Catalynis, 21, 93 (1971).
150, vy, Mamoliv, J. Cautulysin, 21, 93 €1971).
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considered as explanations. Margolis and coworkers!®® 187 studied this subject with
Mossbauer spectroscopy. The spectra indicated that on tin dioxide-molybdenum tri-
oxide catalysts propene becomes bonded via oxygen to the tin ions which is accom-
panied by a decrease of the valency state of tin from four to two. However, on pure
tin dioxide chemirorption of propene and oxygen brought about no change of the
Mdassbauer spectrum. These results prompted Margolis to suggest that, upon chemi:
sorption of propene on tin dioxide-molybdenum trioxide catalysts, electrons are trans-
ferred from the molybdenum ions to the tin ions. Margolis believes that electron trans-
fer between neighboring cations is gencrally important in catalytic oxidation on oxides
and that a more complicated composition of the oxide catalyst and a greater number
of components would make such electron exchanges easier.

On the basis of thes: experimental results and using the findings of other investi-
gators, Margolis'*® proposed a mechanism of the propene oxidation on tin dioxide-
molybdenum trioxide catalysts which is speculative. This mechanism will be sketched
here and compared to a related mechanism proposed by Schuit and coworkers, ! ¥0
The first step in the mechanism of Margolis is the dissociative chemisorption of propene
under formation of a x-allyl intermediate whereby the abstracted hydrogen bonds to a
surface oxygen ion, thus forming a hydroxide ion. At the same time, Mo(VI) ions are
reduced to Mo(V) jons, So far, this mechanism in vimilar to the one proposed by Schuit
and coworkers for the oxidation of butene to butudiene on a bismuth oxide-molybdenum
oxide catalyst except that Schuit believes that an anion vacancy ncar the Mo(VI) ion is
necensary. In Schuit's mechanism, the next step is an interaction of the molybdonum
(V)-hydrocarbon complex with another surface oxygen ion resulting in the formation
of butadiene, a second hydroxide ion, and & Mo(IV) fon. This is followed by a resction
botween the two hydroxide ions to yiold water and an oxide ion. Oxygen from the ga
phase will reoxidive Mo(IV) to Mo(VI) which will restore the original atate of the cata-
lyst. In this mechanism, the only function of the oxygen molecules is the reoxidation
of Mo(1V) to Mo(VI) and the filling of the oxygen jon vacancies created by the hydro.
carbon oxidation, as generally assumed in the catalyst reduction-reoxidation mechanism.
Margolis, however, suggests that oxygen molecules coordinate (o the Mo(V) ions, which
were formed in the fimt reaction step, in a similor way as observed with transition metal
lons in solution. The resulting oxygen-hydracarbon-molybdenum (V) complex reacts
with u surface oxide ion which leads to the ubstraction of another hydrogen from the
hydrocarbon and the formation of a second surfuce hydroxide jon. Finally, the

1561, va, Margolin J. Catalysis, 21, 93 (1971).

187, A. Fiova, [, P, Susdulev, A, D), Tayganiov, L. Ya, Murgolia, Kinetica | Katalis No, 4 (1971),
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19pn, A, Hatint, B, €. Lippens, and G, €, Sehuit, J. Catalysin, §, 55 (1966).
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oxygen-hydrocarbon-molybdenum (V) complex interacts with Sn(IV) to form an inter-
mediate binuelear complex. Decompaosition of this complex leads to aerolein desoep-
tion and restoration of the charges on the cations,

Recently Schuit and coworkers'! 2 ghtained new results on the oxidation of
butene on the bismuth oxide-molybdenum oxide catalyat and proposed a modificd
mechanism. This mechanism seemn well supported by experimental evidenee, In this
mechunism, diatomic oxygen i not involved in the hydrocarbon oxidation exeept for
reoxidation of surfaee sites, ie. the reductionsoxidation mechanism is supported, They
studied the adsorption of butene, butadicne, water, and oxygen as a function of the de
gree of reduction of the catalysts and found that the adsorption of hydrocachons de.
creased with inceeasing reduction: that of water or oxygen was zero on oxidiged cata-
lysts and increased with increasing reduction. The results of the adsorption experiments
led to the ussumption that there are two different Kinds of adsorption sitex, called A.
und Bsites, which are believed to be oxygen jons distinguished by their erystallographic
location. The rate of catalyst reduction depends on (A) © (B)2. In the proposed mech.
unism, the initiol adsorption of the butene is on B-sites by o-ally) adsorption which is
uccompunicd by interaction of the abstracted hydrogen stom with another Besite to
form a hydroxyl group as well as by the reduction of a neighboring Mo(VI) ion to
Mo(lV). The allyl moves then to a vacaney near a bismuth atom leading to o bismuth.
allyl entity und reoxidution of Mo(1V) to Mo(V1), Interaction with another Busite ee.
sults in the ubstraction uf another hydrogen atom and butadiene desorption, The re.
oxidation of the surfaee starts ot an Axite, The suggestion thut the initial adsorption
of the butene is on an oxygen site appears very reasonable, Adsoeption of bensaldehyde
on oxygen sites of vanadium pentoxide catalysts was conelusively demonstrated by
Fahrenfort e al '3 In the propene oxidation on tin oxide-molybdenum oxide catulysts,
bonding of propene to tin ions via oxygen was found by Murgolis® 98 in Missbauer
spectroscopy work, That hydrocarbon oxidation and oxygen adsorption take place at
different locations could be coneluded also by Keulkn®® on the busin of hix studies with
inotopically lubeled oxygen.

Summarizing the discussions on heterogencous catalytie oxidation presented so
fur, it can be concluded that the catalyst reduction.reoxidation mechunism i well

V015, Mutwuura and G, €. A, Schuit, J. Catalyais, 20, 19 (1951),
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eatublished. '8 However, on oxides having high M-O bond strengths, where the oxi-
dutions via the reduction-renxidation mechanism are slow, diatomically udsorhed oxy-
gen appears to become important. ™ Diatomic oxygen is also involved in heterogencous
Iy catalyzed liquid phase oxidations of hydrocarbons, % 8 [y homogeneous oxidation
catalysis, oxygen molecules us ligands are well known. Recent investigations™ 198 jp.
dicate that on some catalysts water plays a role us oxydizing species in a similar way as
in the electrocatalytic oxidations. Thewe subjects will be discussed later,
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c.  Some Aspects of the Catalytic Oxidation on Noble Metals. Also in this
field, there is some discussion whether adsorbed diatomic oxygen is or is not involved
in catalytic oxidation of hydrocarbons, Several groups of investigutors believe that the
activity of silver lor partial oxidation of ethene is due 1o adsorbed dintomic oxygen
while the complete oxidutions occurring on platinum are generally attributed to ad-
sorbad atomic oxygen. Some investigations indicate thut hydrogen abstraction may be
rate dotermining in the oxidation of hydrocarbuns on metal catalysts, In the following
puragraphs, some studies will be discussed which dealt with these subjects,

(1) Catalytic oxidations on silver. The activity of silver for partial oxi
dation of cthene to ethene oxide was discovered in 1931, Twigg!®® wus the first to
investigate the mechanism of this reaction in detuil. His study indicated that oxygen
was chemisorbed us atoms and that ethene wus not chemisorbed. He proposed that
cthene is oxidized to ethene oxide by reaction with one chemisorbed oxygen atom
while interaction with two chemisorbed oxygen atoms results in products which rapid-
ly oxidize further to carbon dioxide and water. The ethene oxide may also isomerige
to ucetaldehyde which was expected to be eusily further oxidived. This mechanism ac-
counted for the obsorved oxidation products and found much recogmition. Relevant
obsorvations wore made by Margolis!® who found that ethene adsorbs only weakly and
reversibly on silver and that fast, extensive und irrevorsible adsorption oceurs after pre-
adsorption of oxygen. However, the complete ethene oxidation viu aldohydes, ax dis:
cussed by Twigg, appears questionable vince Margolis and Roginskii'®® showed thut ud.
mixtures of uldehydes to ethene decrease the rates of complete ethene oxidation, This
in analogous to the results obtuined by other authors?¥3°1% iy olefin oxidation on pal-
ladium who found that uldchydes are not intermediates in the complete oxidation of
hydrocarbons, Several groups of investizators!??-3% halieve that the oxidution of ethene
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on silver can be betler explained if interaction of the cthene with diatomic adsorbed
oxygen is considered. Such o theory was first proposed by Worbs?® and is supported
by Voge and Adums?®? who cmphasize that this theory is better suited to explain
the often observed B0 percent maximum selectivity of silver catalysts,  According to
the reaction scheme presented in the paper of Voge and Adams, four diatomic od-
sorbed oxygen molecules will oxidize four ethene molecules leaving four adsorbed
oxygen atoms at the surfuce. Four such oxygen atoms will uxidize one molecule of
cthene to carbon monoxide and water, In summary, four cthene molecules are con-
verted to ethene oxide and one to water and carbon monoxide. The carbon monox.
ide will be turther uxidized to carbon dioxide by reaction with dintomic udsorbed
oxygen.  Thus, this mechanism permits an explanation of the maximal selectivity of
80 percont and also satisfies the expectation that atomically adsorbed oxygen would
leud to complete oxidation,

Conniderable time and effort were devoted 1o the elucidation of the mechanism of
the oxidation of ethene on silver, but no generally ugreed conelusions have been
ceached, Very recent investigations of Manara and Parravano2? on the exchange of
oxygen between ethene and ethene oxide on silver seem to indicate that sthene oxide
can be formed by reaction of adsorbed atomic oxygen and cthene, Sachtler?® favors
the mechanism of Worhs and prepared a list of investigations which give some evidence
for the existence of diatomie oxygen on silver surfaces, Some of these will be briefly
discussed as follows, Vol and Shishakov3® found that silver superoxide (Ag0;) was
formed when oxygen of near atmospheric pressuee reacted at 100-150°C with thin silver
films. Electron diffraction studies showed that the silver superoxide lattice disappeared
und the sitver lattice reappeared when the superoxide film was exposed to ethene or pro.
pene. Czanderna?® observed breaks in kinetically obtained curves of oxygen adsorption
on silver and attributed them to the adsorption of diatomic and monoatomic oxygen.

In u very recent paper, Suchtler und coworkers?®? showed that silver is an active catalyst
in the liquid phase oxidation of cumene by gaseous oxygen to yield cumene hydroper-
oxide, In the presence of gilver, the induction period characteristic of this free radical
chain reaction was shortened, the rate increased, and the setivation energy lowered,
Copper and gold were inactive, but those silver-gold alloys which are known to be the
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most sclective for partial oxidation of ethene Lo ethene oxide?® were also most active
for the cumene: hydroperoxide formation. These results support the mechanism which
was proposed by DeBoer: [Ag] + O, =+ [Ag] Oy; [Ag] O3 + RH = [Ag] + ROOH,
with R standing for curnene and [Ag] for silver metal.?® This mechanism is analogous
to the mechanism of homogeneous liquid phase hydrocarbon oxidation,3'®%'4 but here
the oxygen molecules arc activated by the silver surface.

Lt ‘ Two recent investigations to be discussed here provided quite conclusive evidence
that diatomically adsorbed oxygen is involved in the partial oxidation of ethene on sil-
: ver and thus confirmed the mechanism of Worbs. Herzog?!® reacted ethene on silver

| catalysts with oxygen and also with nitrous oxide. Although significant yields of ethene
i ~ oxide were obtained with oxygen, the use of nitrous oxide, a source of atomic oxygen,
: led to complete oxidation of the ethene. Particularly conclusive were the results of

~ Sachtler and coworkers. ¢ Using labeled oxygen and infrared techniques, the adsorp-
‘ tion of oxygen on silver in diatomic form was proven as well as a peroxide type inter-
mediate (CH,-CH,-0-0-Ag) in the ethene oxidation, It was also shown that there is
rapid dissociative adsorption of oxygen on silver up to a coverage of 0.25. Further ad-
sorption is non-dissociative. Preadsorption of chlorine increased the selectivity of the
silver catalysts for ethene oxide formation. The results indicated that the selectivity is
increased by the chlorine adsorption because the chlorine reduces the dissociative oxy-
gen adsorption for which four adjacent silver atoms appear to be neceseary.

(2) Catalytic oxidations on group VIII noble metals. The catalytic
oxidation of ethene and other olefins on group VII noble metols was studied by Kem-
ball et al. 317 !® yging a static catalytic reactor. On platinum and rhodium, complete
oxidation to carbon dioxide and water wus the only reaction observed. With palladium,
about 3 percent partial oxidation to acetaldehyde, acetic anhydride, and acetic acid
was found in addition to the complete oxidation. Further oxidation of the acetic acid

208y 11, Flank and H. C. Beachell, J. Catalysis, 8, 316 (1967),
209 11, Deisucr, Advances in Catalysis, 8, 17 (1956), {

210y N, Semonov, “Some Problems of Chemical Kinetics and Reactivity,”" Pergamon Press (1939), Vol. 2, page 123,
211y, A, Waters, Trans, Faruday Soc., 42, 184 (1946).

212, 10, Walsh, Trans. Faraduy Soc., 42, 269 (1946).

2135. H. Farmer, Trans Farday Soc., 42, 228 (1946).

214p George and A. ), Walsh, Trans, Faraday Soc., 42, 94 (1946).

3w, Hersog, Ber. Bunsenyes. Physk. Chem., 24, 216 (1970).

Mop, 5, Klilty, N. C. Rol, and W, M. H. Sachtler, Preprint No. 67, V Intern, Congress on Cutalysis, Palm Beach, ‘
Florida (1972), ,

217¢., Kemball and W. R, Putterson, Proc. Roy. Soc. (London), A(270). 219 (1962), - ;
218y 1 patterson and C. Kemball, J. Catalysis, 2, 465 (1963).
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was extremely slow which indicated that the complete oxidation must proceed through
uther kinds of intermediates and that the partial oxidation occurs in a side reaction,
Acetic anhydride and acetic acid were found to poison the catalyst. The kinetic results
with the platinum catalysts indicated that also with this metal some poisoning occurred,
i.c., there is some partial oxidation taking place even with platinum catalysts. The rates
of olefin oxidation de-rensed in the scquences Pt > Pd > Rh » Au > W. It was pointed
out that the order for the four transition metals may be correlated with the integral
heats of adsorption of oxygen on the respective metals (M-O bond strength). Different
reaction orders were found with different metal catalysts and reactant molecules, but
this was not considered to be indicative of differences in rcaction mechanisms but wa:
attributed to different adsorption characteristics. Kemiall et al. pointed out that judg:
ing on the basis of the initial heats of adsorption one can expect the oxygen to be more
strongly adsorbed than olefins. However, there must be a very marked decrease in the
heat of adsorption with coverage on platinum and palladium since Brennan, Hayward,
and Trapnell?!® showed that only 63 percent of the surfuce of platinum and 74 pereent
of the surface of pulladium were readily covered with oxygen. Therefore, Kemball et al,
suggested that olefins may be more strongly adsorbed on the remaining portion of the
surface of these metals than oxygen. The general conclusion was that the rate.detormin-
ing step of the olefin oxidation involves an adsorbed olefin molecule, possibly on top of
an oxygen-covered surface and u chemisorbed oxygen atom.

The olefin uxidation on group VIII noble metals and on gold was studicd recently
in greater detail by Hall and coworkers, These investigators9°2%4 yyed o dynamic cata-
Iytic reactor which led to the observation that some of the noble metals have considera.
bly greater selectivity for partial oxidation than previously believed. Selectivities up to
45% were observed, In the oxidation of ethene, palludium shows considerable sclectiv-
ity; rhodium, ruthenium, and gold do not. In the oxidation of propene, the latter three
metals are also selective, Platinum was found to be the least selective catalyst with all
olefins, thus catalyzing mainly tl ' total oxidation to carbon dioxide and water. Using
¥ labeled olefing, Hall and cowurkers confirmed the conclusion of Kemball et a328 226
that partial und total oxidation are parallel and not consecutive reactions. Similar prop.
erties as catalysts were found with the silica supported and alumina supported metals as

219y, Brennan, D, 0. Hayward, and P, M, W, Trapnell, Proe. Roy. Soc. (London), A286, 81 (1960),
220y R, Geberich, N, W, Gant, und W, K. Hall, J. Catulysis, LG, 204 (1970),

221N, W, Cant and W, H, Hull, ], Catalysin, 16, 220 (1970).

222N, W, Cant and W, K. Hall, |, Catalysis, 22 310 (1071),

223N, W, Cunt und W. K. all, J. Phys. Chem., 28, 2014(1971).

224N W, Gant und W, K. Hall, J. Catalysix, 27, 70 (1972).

235(.. Kemball and W, R, Patterson, Proc. Ray. Soc. (Landon), A(270), 219 (1962).

226y, Rk, patterson und €. Kembull, J. Catalynis, 2, 465 (1963).
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well us with metal sponges. Therefore, the observed catalytic properties ure regarded
us characteristic of the metals per se.

The specific activity for total oxidation of olefing on group VIII metals??” de-
creased in the following sequence: platinum, palladium, iridiwin, ruthenium, rhodium,
Three distinet types of pressure dependencies were found. With type 1 (platinum and
palladium), the rates were repressed by olefin and were fiest order in oxygen, With
type 11 (ruthenium), the rates were independent of olefin pressure and first order in
oxygen. With type 11 (chodium and iridium), the rates increased with olefin pressure
and were w vnkly inhibited by oxygen pressure, The inverse olefin pressute dependenee
with platinum and palladium was also found by Moro-oka et al., 2 22° whil¢ Kemball
and coworkers?® 3 found it only with platinum. The observed pressure dependoncies
correspond well to observations in the field of electrocatalysia where it was found that,
ut the sume potentials, the coverages with oxygen are low on platinum and palladium
and high on iridium and rhodium, while the coverages with hydrogen are in the reverse
order, 33 33 ALy, coverage by oxygen begins to be approciable at considerable lower
potentinls on rhodium and iridium than on platinum or palladium,

The catalytic oxidation of ethene on palladium (type I prossure dependency) was
studied in considerable dotail,?®®  In agreemont with Kembull et al,,%%¢ 337 it was found
that the acetic acid formed is not easily further oxidized and constitutes a pohmn. This
was confirmed in experiments in which acetie acid was intuntionally added. It is inter-
esting thut formice acid, u specics with only one carbon atom, is not a poison and was
rapidly oxidizod to carbon dioxide and water. Using deuterated ethene, only a small
isotope effect was found which indicated that breaking of the carbon-hydrogen bond is
not involved in the rate-detormining step. The gross kinetics were the same for partial
und for total oxidation and also the uetivation energies were the same, namely, 20 £ 2
Kcal/mole from the initial rate and 30 £ 2 Keal/mole from the steady-state meastirements,

——
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the difference reflecting poisoning. 1t was coneluded that on palladium the rate-
determining step is the same in partial and total oxidation and is likely to be the oxygen
chemisorption, A related conclusion was reached in the electrocatalytic oxidation of
ethene on platinum electrodes which will be discussed in o later soction,?® 2% High
oxygen coverages on palladium as well ax alloying palladium with gold resulted in in-
creaes in the selectivity for partial oxidation, The fuct that alloying with gold (@ metal
with little dehydrogenation capubility) as well as inceeasing the coveruge with oxygen
led to un incecase in seleetivity was considered an indication that the ability of metals
to catalyze the total oxidation is related to the dehydrogenation shility of the metal,
Thin idea i in agreement with the general view of Margolis?*® that strong hydrocarbon
bonding to the catalyst and the presence of labile oxygen are required for total oxida-
tion to oceur. 1t is interesting (o note here that oxygen coverages of more thun 0.2 re-
press the eleetrocutalytie oxidation of olefing, 2433 However, in the olectrocatalytic
oxidution in acid eleetrolytes, the oxidizing species are adsorbod hydroxyl groups stem.
ming from the oxidative adsorption of electrolyte water; in thix cuse adsorbed oxygen
may not only reduce the dehydrogenation ability of the catalyst surfuce but also may

, hinder the water adsorption, In any event, rescarch in electrocatalytic hydrocarhon oxi.

. dation hus shown that strong bonding of hydrocarbons leuding to dehydrogenation and

: to carbon-carbon bond beeaking, i, to G species, is an important step in the complote
oxidation of hydrocarbons to carbon dioxide 4388 Thix will be discussed in detail in

v e
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the seetion on electrocatalytic hydrocarbon oxidation,

In the oxidation of propene on surfaces of thudium, ruthenium, iridium (type 11
and 11 pressure dopendencies) und gold, 293 yabstitution of deuterium for hydrogen
in the methyl group resulted in a considerable roduction of the rates, Thus, u large ki
netie inotope effect was operative but only for deuterium in the methyl group.  This
inotope effect indicated that the abstruction of 0 hydrogen atom from the methyl group
leading to a symmeteie allylic intermediate was the rate-determining step. Such inter.
mediates are well known in propene oxidation on oxide catulysts, 222" With rhodium,
ruthenium, und gold, the oxidation led to considerable acrolein formation, but with
iridium the aveolein is further oxidived bocause iridium is distinguished by a special ac-
tivity in catalyzing the eleavage of double bonds. The singlocarbon fragments formed
by double-bond cloavage on iridium ure rapidly converted to carbon dioxide and water,
but the multiple-carbon fragments are stubilived by formation of aldehydes and ucida,
With cthene, this possibility does not exist and bond cleavage or attack of the molecule
simultancously on both onds results in totul oxidation, Acetic acid is formed only us
fust ax an intramolocular shift of hydrogen can oceur to form the mothyl group. Evi-

dence for the importunce of hydrogen abstraction in the catalytic oxidation of hydro.
carbons wus ulso found by Wise el al.
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Wise et al. 26 39 gtudied the catalytic oxidation of alkancs, alkenes, alcohols, and
ketones on platinum and palladium. The principle of their experimental technique was
the measurement of the ignition temperature as a function of reactant concentration of
various hydrocarbon-oxygen mixtures or hydrocarbon-oxygen-carrier gas mixtures, The
concentration of hydrocarbon was kept low, and oxygen was always in excess. There-
fore, oxygen reaction orders could not be determined. The oxidation of alkanes, alco-
hols, and ketones were first-order reactions with respect to hydrocarbon pressure. In
sgreement with Moro-oka et al.,, 3™ 3" Kemball et al,3™ 3" and Hall and coworkers,™
an inverse fractional order was found with olefins on platinum catalysta. In the olefin
oxidation on palladium, a first-order pressure dependency was obscrved which agrees
with the work of Kemball e¢ al. but not with the findings of Hall and coworkers.

Most extensively investigated was the oxidation of alkanes on platinum catalysts,
The activation energy of the oxidation of ethane on platinum was found to be 27 Kcal/
mole, However, with various n-alkanes having thren or more carbon atoms, the activa-
tion energy was only 17 Keal/mole. These obaervations led to the conclusion that in
the oxidation mechanism of these alkanes an identical step is involved which is the hy-
drogen abstraction from a secondary carbon atom which encrgetically i less exponsive
than abstraction from a primary carbon atom. In line with this conclusion is the obser.
vation that the activation energy is aven smaller with alkanes having a tertiary carbon
atom such as isobutane (10 Kcal/mole) or substituted octane isomers (13 Keal/mole).
These results support the view that the oxidation process is initiated with dissociative
chemisorption in which the weakest carbon-hydrogen bond is broken. This reactivity
sequence of alkanes in oxidation is similar to the reactivity sequence of alkanes in hy-
drogen deuterium exchange reuction where dissoclative chemisorption is alvo rate de-
termining.3™ The results of Wise at al. indicated that the alkane adsorption takes place
on the bare metal surface because the reactivity pattern of the alkaner could not possi-
bly be rationalised if adsorption on top of adsorbed oxygen is considered.

Wise et al. suggested that the conditions for total oxidation may he most fuvorable
whon the metal surface has the highest ability to maintain fractional coverages with
both the dissociatively chemisorbed hydrocarbons and oxygen. This condition appears
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to be best fulfilled with platinum. The lower activity of palladium for total o xidation
is attributed to a greater tendency of pulladium to form u surface oxide lnyer which is
not active for the dissociative chemisorption of alkanes. This view gaing support from
the observation that strongly oxidized palladium surfaces are not active in alkane oxi-
dation but retained the activity for olefin oxidation.

In context with the abuve discussions of hydrocarbon oxidation on group VIl
noble metals, recent ultra-high vacuum work seems relevant and will be briefly die-
vussed: Helium and deuterium beam shattering techniques as well as Auger electron
spuctroscopy and LEED were used. With these techniques Smith and Merrill?™ found
that ethene adsorbs irreversibly on platinum (111), dissociating into an acetelenic spe-
cies and mobile hydrogen atoms, This study indicated that foursite dissociative ad.
sorption of cthenc takes place and that the sticking coefficient is unity, Elevated sur-
face temperatures result in further loss of hydrogen and formation of an amorphous
residue which transforms into graphite at temperatures above 530°C. This graphite
formation was alvo observed by other investigators.3”” 378 Merrill and coworkerg37%382
also showed that hoating in vacuum is not sufficient to remove carbon from platinum
surfuces. Heating in the presence of oxygen in vequired. Merriil's findings on ethene ad.
sorption on platinum uee in general agreement with earlier infraved work, 39

It in interesting that u sticking probubility of only 7 x 10" was found by Weinberg
et al. ™ in the adsorption of oxygen on apecially cleaned platinum (111), The sticking
probability was independent of the oxygon prossure and of temperature, These results
agree with the work of Morgan and Somurjui, 288 Thus, it wemn likely that the higher
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oxygen sticking probubilities found earlier 2% are typical for platinum contaminated
with carbon, an impurity which is usually present on platinum. These investigations
indicate that clean platinum has very little ability to adsorb oxygen, and it may be con-
cluded that the reported?®? heats of oxygen adsorption on platinum pertain to carbon
contaminated platinum. All of this led to the apeculation that not platinum as such

but carbon contaminated platinum is the effective catalyst for hydrocarbon oxidation**

In connection with this influence of carbon inipurities on platinum, it ia interesting
that, in a recent investigation,?®® a beneficial effect of carbonaceous residues on the rate
of ethene hydrogenation ovor palladium was found. During the use as catalyst, the ac-
tivity of palladium dropped to one-fiftieth of the originul value. However, by adsorp-
tion of acetylene the activity of the palladium could be considerably increased. The ad-
surbed ucetylene did not show any C-H vibration spectrum which suggests that the acot.
ylene was adsorbed in a highly dissociated form, i.c., as a carbonaceous residue, It was
concluded that the adsorbed acetylene did not act as a poison, as could have been ex-
pected, but stabilizes active sites for ethene hydrogenation. These ave quite unexpected
results. In the hydrogenation of ethene on platinum catalysts, carbonaceous residues
were eecently shown to be poisons,3%°

d.  Water as Oxidising Species in Heterogeneous Catalytic Oxidation. In the
history of the study of heterogeneous oxidation catulysis, reaction mechanisms have
been considered in which catalyst oxide fons or some forms of adsorbed oxygen were
the oxidizing spocies, Al of this has been discussed in some detail, However, recently,
it wan shown by Moro-oku et al.?*! und by T, Sviyama et al 4% that with some catalysis
und in some reactions water can function as an oxidiving species, Using isotopically
lubeled wator, Moro-oka ¢f al.3% found that the B0 of the water was incorporated into
the oxidised product secording to the following reaction in which A stunds for olefin:
A+ 17205+ 300 = A0 + HyO. These studies were carried out in a flow system
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at atmospheric pressures and with gas mixtures of propene, oxygen, water. and nitrogen,
They will be discussed in the following paragraphs.

The oxidation of propene to aceolein over SnQ; - MoQ); and MoOy - Bi Oy cata
lysts followed the mechunisms involving the catulyst oxide ion, thus conflirming previous
work by many authors in which allylic adsorption and reaction with oxide ions was
x cstublished. However, the oxidation of propone (o acetone over the SnQ, - MoOy cata-
- ; Iyst proceeded through the mechunism in which oxygen is tuken from the water, This
' axyhydration is fuvored at low temperatuecs, the formation of acrolein at higher tem.
peratures, Thus, the selectivity of the catalysts for one or the other oxidation product
i could be attributed to the different mod»s of oxygen incorporation into the olefin
v molecule, For the acetone formation on the Sn0; - MoQy catalyst, an adsorbed car-

: bonium ion inteemediate was suggested (o be involved because the catalytic activity in.
croased lincarly with the concentration of wcidie sitew of the binary oxide catalyst,

PRt ookt s <]

In the oxidution of propene to acrolein on Pdscarbon catalysts, the water mecha.
nism was found to be operutive, Allylic adsorption, addition of a hydroxy! group (from
the water), and removal of two hydrogen atoms to form the ucrolein was suggested as
the mechanism, Analogous resulta were obtained by Seiyama et al. 3% who contacted
: gascous i ixtures of olefine and oxygen with palladium in an aqueous suspension. Com.
' paring the oxidation products of various olefine it could be concluded that the fiest
xtep iv an allylic adsorption if theee or more carbon atoms are present. With ethen, this
is not possible and considerably lower oxidution rates wore found, Then OH groups
from the water are added to the surface complex which finally is transformed into alde-
hydes or ketones by loving two hydrogen atoma, The influence of water was eotablished
in gus.phase experiments using propene, oxygen, and waler vapor mixtures and palladium
as catalyst, In addition to palladium, platinum also showed activity in the liquid phase
oxidution of propene but complete oxidation to curbon dioxide and water was strongly
favored. The activities of thodium and ruthenium were relatively small,

- =

It in well known that oxyhy dration ix important in the homogeneous catalytic oxi-
dation of olefine to aldehydes or ketones, The Wacker process using palladium chloride
in aquecus solution as catalyst is 0 well hnown example. 3 The discovery of heterogen-
cous catalytic oxyhy dration shows how similure the cutalytic propertics of metal atonis
on surfuces of solids and those of the respeetive fons in solution are, fe. how closely re
lated heterogencoun catalysis and homaogencous catulysis uee, The discovery thut water
cun be the oxidizing species in gas-phase cutalysis on noble metals is also interesting in
view of the fuet that adsorbed water is the oxidizing species in the electrocatalytic

M4y, Seiyama, N, Yamasoe, and M, Egashira, Preprint No, 72, V. Intemn, Congrens on Catalysis, Palm Beach, Florida
(1972); T. Seiyama, N, Yamuazoe, J, Hojo, M, Hayukawa, J. Catalynis, 37, 177 (1972),
298} umidt et al., Argew, Chem., 11, 176 (1989),
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oxidation of organic compounds,

e.  Electrocatalytic Oxidation of Hydrocarbons. Electrocatalysix is the term
used for heterogeneous catalysis of charge-transfer reactions oceurring at an clectrode-
cloctrolyte interface. %0 The rates of clectrocatalytic reactions are influenced not only
by the catalytic activity uf the catalyst (electrode) but also by the presence of an elec-
trie field across the electrode-electrolyte interface and by the nature of the clectrolyte.

Work on electro-organic oxidation had boen carried out alecady in the 1920', al-
though at that time it was not presented in torms of electrocatalysin,?® The torm
“eloctrocatalysis™ was used for the first time in 1963.3%% Probably, thix ficld emerged
30 late because most ¢lectrode processes were studied on mercury, us in polarography,
and therefore the catalytio effects of different electrode materinls were not observed,
Another reason for the slow development of the field of electrocatalysis was that the
relation between the electrode potential and the current density (Tafel equation) was
written, in analogy to the Nernst equation, an 9 = a = b log { (n stunds for the overpo-
tential, { for curront donsity, und a and b are constants). In this form of the Tafel oqua.
tion, it was somewhat obscured that the overpotential is a kind of activation energy, as
may be suen after converting into | = exp [ (u « 1) /b |. When the potential.current den.
sity relationship is exprossed in the later fashion, it is also more easily seen that the cur.
rent denaity is a measure of the reaction rate,

Rutos of electrocatalytic reactions can be changed arders of magnitude at ono tem.
porature by changing the potential, In the potential-current density relationship the re.
searcher in olectrocatalysis has a diugnostic eriterion which is useful in searching for the
rate-determining step®® 29 In cloctrocutalysls, the uctive surface area can be deter.
mined by meusuring the charge which is involved in hydrogen depaosition from the clec:
trolyte cnto the electrode via the Volmer reaction (H* + ¢* = Hg, ) 2913 Coverages
with strongly adworbed organic apecies can be dotermined by measuring the charge

4963, Srinivasan, H, Wroblowa, and J, O'M. Bockrix, " Advances in Catalysis,” 17, Chap. 6, Academic Prom, Inc.
New York (19670 N 0 yola," 13, Chap cademic Prem, Inc,,

39Ty, Muller, 2, Electrochem., 28, 101 (1923); 29, 264 (1923),

3%y, ', Grub, Nature, 198, 893 (1963)

399), ', Boukrin ). Chem, Phys., 24, 817 (1987),

300 E. Conway and B, L. Bourgault, Can, J, Chem, 40, 1090 (1963); Trana Faraday Soc., 58, 593 (1962).
Wl 7, ErdeysGrus and M, Volmer, Z, Phyalk. Chem. A 10, 503 (1930).

3025 Guman, J. Phya Chem, 62, 78 (1963),

303 M, W, Brelter, "Electrochemical Processes (n Fuel Cella, page 60, Springen Verlag, New York, Inc. (1969) and
tefarences theroin,
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required to oxidize the adsorbed muaterial, 304398 Theye methods are less involved than
the equivalent measurements in regular catalysis, A disudvantage of clectrocatalysis is
that the requirements imposed upon the catalysts by the corrosive nature of the electro-
lyte, the potentials, and the need for clectronic conductance are such, that the choice of
materials is quite limited, With acid clectrolytes, muinly platinum or some of the other
noble metals are used.

In the lust 10 years, considerable work was done in the field of electrocatalyais be.
caune of the great inteeest in the direet conversion of chemival into olectrical energy by
means of fuel cells. This led to many publications us well us a number of review papers
und hooks on clectrocatalyais, 309 310 31138 36 g, ¢yor this ficld in this review in
dupth in not pussible: therefore, only the field of electrocatalytic hydrocarbon oxida.
tion in ucid electrol - te systems will be briefly outlined,

Saturated hydrocarbons were expected to be inert electrochemically, except at
high temperatures, until Heath and Worsham'¢ reported on the spontancous electro.
chemical oxidation of a saturated hydrocarbon yielding electrical energy, This result
led to a great inceease in intereat in the field of electrochemicn) energy conversion be-
cause saturated hydrocarbons are readily available and cheaper than other fuels, Heath
and Worshan worked with a potassium hydroxide electrolyte, but for a practical

W4y, w, Breiter, “Electrochemical Provessos in Fuel Cells," . 118, Springer.Verlug, Now York, Inc, (1969) and
references therein,

303, Pavela, Ann, Acad, Sel. Fennicue, Serien A, 11, Chemiea 59 (1954),
060 W, Brelter and 8, Gilman, )1 Electrochem. Noc, 109, 622 (1962)
Y78, Gilmun und M. W, Breiter, ). Electrochem. Soe, 109, 1099 (1962),
308\, W, Breiter, Electrachim. Acta, 8, 487 (1963).

309, Nrinivasan, 11, Wroblows, und J, O'M, Hocknis, “Advances In Catalysis” 12, Chup. 8, Academic Pres Inc.,
New York (1967),

aw.\l. W, Breiter, "Electrochemical Proceases in Fuel Gelle," Springer-Verlag, New York, Ine., 1969, chapter VI
and relerences theroin,

3 uprogres in Electrovhemiatry,” ed, A, N, Frumhin and A, B, Emshler, Plenum Prens, London and New York, 1971,

2y p, Hamakin, 0. A, Petril, and V. V. Batrakov, “*Adsorption of Omanie Compounds on Electraden” Plenum
Press, New York and London, 1971,

3135, ()'M, Hockris and 8. Srintvaran, “Fue) Cella: Thele ¥ lectrochemistey,” MeGraw:Hill Book Co. (1969).

34y, 1. Piersma and K, Gleadl, **The Mechanism of Electrochemical Oxidation of Organie Fuels,” in Modern Aspects
of Elsctrochamistry, No. 4, Kdited by ). O'M, Booknis, Plenum Press, New York, 1960,

3184, 8, Appleby, “Electrocutalysis snd Fuel Cells” Catalysis Reviews 4, No, 2(1970),
3188 ()'M, Bockris and 11, Wrablows, J. Electroanal, Chem., 7, 418 (1964),

H6¢, K, Heath and €, 11, Worsham, 140th Nutional Meeting of the A.C.8., Chicago (1961); Chap. 14, in G. ). Young
(ed), "Fuel Celln," vol, 2, Reinhold Publishing Corp, Now York (1903)
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hydrocarbon fuel cell a carbon dioxide rejecting electrolyte would be neceasary. A car-
bon dioxide rejecting system using phosphoric acid as un electrolyte and platinum
black electrodes was described by W, T. Grubb and L. W. Niedrach,®? and the perfor-
mance of this system with propane as fuel was investigated by Grubb and Michalske, 318
Complete oxidations of the propane to carbon dioxide at temperatures of 150°-200°C
were observed. The completeness of the reaction indicated that the intermediates of
this reaction are more strongly adsorbed than the propane. Therefore, less complete
oxidation was expected when fucls with a higher adsorbability than propane are used.
Thix agreea with some observations in the electrocatalytic oxidations of propene and
cyclopropane® available at that time and with later work.}® A comparative study of
the coverages of various vaturated and unsaturated hydrovarbons on platinised platinum
was made by Niedrach?® using galvanostatic and volumetric techniques, In acld clec.
trolytes, the coveragos fall into three categories: low for methance, {ntermediate for
saturated hydrocarbons such as ethane and propane; and high for unsaturated hydro-
carbons. The rates of adsorption in the acid electrolyte were found to be reasonably
high. However, in alkaline vlectrolytes, the adsorption of saturated hydrocarbons was
exceodingly slow, In contrast, the adsorption of the unsaturated hydrocarbons was af-
fected little by the electrolyte. Thin influence of the electrolyte on the adsorption of
hydrocarbons {s not well understood. A lower adsorbability and reactivity of methane
us compared to ethane and other saturated hydrocurhons was often found in gas-phase
catalysis, 323:3%  Thiy js gencrally atteibuted to a 5 Keal/mole higher C-H dissociation
cenergy of methane,33? 3 However, the difference on adsorbability appears to bo larger
thun to be expected on the basis of the lower dissoclation energy alone, Therefore, it
was suggested that the influence of the catalyst surface on both carbon atoms of athane
or higher hydrocarbons (1,2 diadsorption) is also responaible for the greater euse of

31T, . Grubb and L. W, Niedrach, J. Electrochem, Soc., 110, 1086 (1963).

M8y, 1. Gieubb ard €. ). Michalshe, ), Fiectrochem, Suc., [11, 1018 (1964).

:|I9‘._ T. Grubb and L, W, Niedrach, P'roe, | Tth Annusl Power Sources Conference, Allantic City, New Jersey, May
1963, p. 69.

3201 1 ukeha and £, Y, Weisuran, ). Electrochem, Soe., 116, 118 (1969),

3211, W, Niedrach, J, Fleetrochem, Soc., 111, 1309 (1964)

82y \orkawa, W. 8, Benedict, and 11, 8, Taylor, J. Am, Chem. Soc., 58, 1445, 1798 (1936).
329, Morkawa, N, R, Trenner, and 11, 8, Taylor, J. Am, Chem. Soc., §9, 1103 (1937).

334y, M, W, Trapnell, Trans. Fareday Soc., 53, 1618 (1986),

W3 ;. Wright, P. ;. Asmore, and . Kemball, Trans, Faraday C -~ 4, 1692 (198R),

3464, ;. Hund, “Catalyss by Metals,” Academic Prew (1962), page 183,

$Tp_ ;. weiht, P, G, Ashmore, and €. Kemb 1), Trane, Faraday Suc., 34, 1692 (1988),

38, (. Bond, “Ustalysis by Metaln," Academic Pres (1962), paye 183,
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hydroenn dissociation from these hydrocarbons as compared to methane 3%

The electrocatalytic oxidation of hydrocarbon was studied by Gilmun330-3% and
by Niedrach¥?3% ysing the multipuls: potentiodynamic technique, Although Gilman
worked with smooth platinum electrodes und Niedrach with Teflon-bonded platinum
black clectrodes, very similar rosults were obtained. The clectrodes were held at 0.4
volt in hydrocarboun saturated electrolytes. With a cathodic pulse, the charge involved
in the saturation hydrogen coverage, i.¢., the remaining free surface, was determined.
The hydrocarbon coverage was obtained with an anodic pulse, i.e., by determining the
churge asociated with the oxidation of the udsorbed species. A linear relationship be.
tween these two quantities was obtained which allowed one to estimate the composition
of the adsorbed molecules, It was concluded that dissociative adsorption oceurs, und
Gilman suggested that the average composition of adsorbed ethane was Ca Hy. The de-
gree of dehydrogenation is greater the higher the temperature and the longer the adsorp-
tion time. Carbon-hydrogen ratios of 1:2 and 1:1 were also found by Burshtein et al. 3%
In the oxidation of the adsorption layer of saturated hydrocarbons such as ethane, pro.
pane, or butane, both Niedrach®®'3#! and Gilman?*3 found two oxidation waves
upon the application of a lincar unodic sweep. The first wave was u distinet, woll-defined
peak and occurred at potentials below 0.8 volt, The second wave is more diffuse and
extends from 0.8 volt well into the oxygen evolution potentials, The comparatively

329, 11, Wright, P. . Ashmore, snd €. Kembalk Trans, Furaduy Suc., 84, 1692 (198H),

3303, Gilman, Trars, Fared, Sor., 4., 2546, 2861 (1968),

V315, Glitman, ). Elvetrochem. Soe., L3, 1036 (1966),

mS. Gilman, “Hydrorarbon Fuel Cell Technology,” ed, S, Baker, Academic Press, New York-london (1968), p, 349,

8y, :{(. Niedrach, "'Hydrocarbon Fuel Cell Technology,"” ed, 8, Baker, Academie Press, New York.London (1968),
p 377,

334, W, Niedrach, 8. Gilman, and J. Weinstock, ). Elevteochem. Soc,, 113, 1161 (1968),

3481w, Niedrach, J. Electrochem, Boc., 113, 645 (1966),

3301, w, Niedrach und M, Tochner, |, Electrochem, Suc., 114, 17 (1967),

337!!. Kh. Busshtein, A, G, shenichnikoy, and V. 8, Tyurin, Dokl Akad. Nauk. SSSR. 160, 619 (1968).

3301“ "V{’.?Nledneh. “Hydrocarbon Fuel Cell Technology,' od, 8. Buker, Academic Prews, New Y ork.London (1968),
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339, W, Niedrach, &. Gilman, and J, Weinstoek, J. Eleetrochem, Soc,, 112, 1161 (1968).

3401, W Niedruch, J. Electrochem Soc., 113, 648 (1966).

9411, W, Niedrach and M. Tochner, ). Electrochem, Soc., LA 17 (1967),

3425 Gilman, Trans, Faraday Sor., 61, 2846, 2361 (1963),

43S, Gilman, ), Electrochem. Soc., 113, 1036 (1966).

Mg Gilman, “Hydrocarbon Fuel Celi ‘I'ecchnology.” «d, 8. Baker, Academic Prew, New Y ork-Londun (1968), p, 349,
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oxidation-resistant species giving rise to the second wave can be hydrogenated and de-
sorbed as various saturated hydrocarbons by application of a cathodic pulse. This shows
that the adsorbed compounds oxidized in wave 2 (designated type 1I) consist of partial-
ly dehydrogenated hydrocarbon species. With methane, only the wave T was found
which corresponds to a species which is much more easily oxidized.>® Consequently,
it was concluded that the species of wave Iis a C, species. This so-called type I species
resists cathodic desorption3¢-3 r is only partially desorbable3®-32 4l of which indi-
cates that it ie a partially oxygenated species. This conclusion gains support from the
fact that the single oxidation wave of methane, as well as the wave I of ethane, propane,
and butane, is in the same potential range as the oxidation waves of formic acid, the
“CO.-like" species of Niedrach,*? and the reduced CO; of Giner.*® In uddition, Grubb
and Lazarus®®® showed that the non-desorbatle species must contain oxygen. They found
that the maximum rate of carbon dioxide formation was higher than could be produced
by a 4 electron reaction from the total 10 ma galvanostatic current employed. This
could occur only if the surface species is already purtially oxidiged. From all this, it
transpired that the formation of the type 11 material on fuel cell electrodes is undesirable
because it will block adsorption sites and limit the fuel cell performance, The dexirable
path is the cracking of the carbon chain to form the more readily oxidized G, species.
At not too high current densities, the oxidation of the G, spucies to CO, is the rate-
limiting factor,3¢  Using similar techniques, Russian workers®7°3° obtained reluted
results, In their terminology, the initially chemisorbed hydrocarbon is called “particle

845, W, Niedrach, J. Electrochem, Soc., 113, 648 (196b),

3463, Gilmun, Trans Faraduy Soc., 61, 3846, 2561 (1968),

3473, Gilman, J. Electrochem, Soc., 113, 1086 (1966),
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350), w, Niedrach, 8. Gilman, and J. Weinstock, ). Electrochem. Soc., 113, 1161 (1968),
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382), W, Niedrach and M, Tochner, J. Electrochem, Soc., 114,17 (1967).

331, W. Niedrach, J. Eleetrorhem. Soe., L1, 1309 (1964).

345, G iner, Electrochim, Actu, 1, 887 (1963)

388w, T, Grubb and M, E. Lasarun J. Electrochem, Sor,, 114, 160 (1967),

#361.. W, Niedrach, J, Electrochem, Soc., 113, 648 (1966),

B, 6. Prhenichnikov, A, M. Bograchev, and R, Kh. Burshtein, Soviet Elvetrochemistry, 5. No, 9, 993 (1969);
3 No, 12, 1369 (1969),

"’MV. S, Tyurin, A, G, Pshenichnilov, and R. Kh. Burshieln, Soviet Electrochemiatey, 3, No, 10, 1103 (1969),
‘“qA. M. Yograchev, A, G, Pshenichnikov, and R, Kh, Burshiein, Soviet Electrochemistry, 2, No, 6. 871 (1971),
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1" which is cathodically desorbable and which crucks to G, frugmeats (particle ).
These are rapidly transformed into oxidized species,

Considering cthene and acetylene as subsystems to ethane, Gilman 3% 38! glso in-
vestiguted the reactions of these unsaturated hydrocarbons on platinum electrodes. The
adsorption at 0.4 volt from perchloric acid at 30°C und 60°C is extremely rapid at zero
coverage und remains diffusion controlled throughout most of the range of surfuce cov-
crages, Ethene adsorption wus aceompaniced by an anodic cureent indicating dissociative
adsorption while, with acetylene, only associative adsorption appears to take place. Con-
sequently, the averege composition of the adsorbed species is believed to be Gy Hy as
was found with ethane. At higher temperatures and potentials, more extensive dehy-
drugenation oceurs. A very interesting observation was that with these unsaturated hy-
drocarbons wave I was not found which indicates that the more readily oxidizable type
I species is not formed. This may well be due to the high coverages occurring with un-
saturated hydrocarbons which will tend to promote polymerization rather than cracking
and oxidation. Polymerization of ethene to G4 specics was found long ago in gus phase
catulysis work*? and was repeatedly observed in infrared studics. 3823 In agreement
with Gilman’s studies, Russian workers3%¢-368 did not find any formation of C; species
when the ethene pressure was high, However, at pressures of 102 atm and below, C,
and C, fragments were found, Therefore, essentially the same reaction steps as with
saturated hydrocarbon were suggested to take place with the unsaturated hydrocarhon.

Dissociative adsorption of saturated hydrocarbon on metals is widely observed in
the gus phase work, 338 1t js the only mode of udsorption which can be imagined
with » species having only @ bonds such us a saturated hydrocurbor., The dissociative

36OS. Gilman, "' Hydrocathon Fuel Cell Technology,” ed. S, Baher, Academic Press, New York-London (1965), p. 349.

36]8. Glimun, Trans, Faraday Soc,, §2, 446 (1966),
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367, 5, Tyurin, A, G. Pehenichnikoy, und R. Kh. Burehtein, Soviet Electrochemistry, 5, No. 12, 1365 (1969),

368, a, Michni, A, G. Pdienichnikov, and R, Kh. Burshtein, Soviet Electrochemistry 8, No. 2, 270 (1972);
8, No. 3, 347 (1972).

369K Morikawa, W. S. Benedict, und H. S. Tuylor, J. Am. Chem. Soc., 58, 1445, 1795 (1936).
370K, Morikuwa, N. R. Trenner, and 11, S, Taylor, J. Am. Chem, Soc., 39, 1103 (1937).
3718. M. W, Trapncll, Trann Faraday Soc., 52, 1618 (1956). (Continued)
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adsorption of methane, cthane, and higher saturated hydrocarbon on metal surfuces was
conclusively shown by several authors by determining the hydrogen formed and by

Also magnetic studies®® on adsorp-
tion of =thane on nickel showed that dissociative adsorption is taking place, After the
initial dissociative adsorption, further dehydrogenation oceurs on many metals resulting
in multiple bonded hydrocarbon apecies. At slightly higher temperatures, carbon-carbon
bond breaking oceurs, 3% Some: of the surface species react with hydrogen on the sur-
face. This self-hydrogenation leads to the desorption of methane or some other saturat-
ed hydrocarbon. If excess hydrogen is present, extensive desorption of methane or
other hydrocurbons of smaller chain length than the original one tukes place which

hydrogen-deuterium exchange experiments 382387

(Continued)
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process is known as hydrogenolysis.® ®7 Such processes occur also in the ndsorption
of hydrocarbons on electrocatalysts in electrocatalytic systems. Upon adsorption of
ethane, propane, and n-butane on platinum electrodes desorption of methane, ethane,
and of the original hydrocarbon was obuerved, i.e., dissociative adsorption, cracking,
and solf-hydrogenation occurred, ¥$4% When cathodic reduction (sloctrochemical hy-
drogenation and hydrogenolysis) of adsorbed propane was carried out, the dusorption
products consisted of propane, ethane, mothane, and some butane: indicating also that
some polymerization is taking place.*! In propane adsorption, a dependonce of the
: ratio of the desorbed quantitics of methane and ethane on the potential of adsorption
was found.%? In gus-phase catalysis, vory much information on the reactions of hydro-
i ceehons on metal surfaces was obtained by investigating hydrogen-deuterium exchange
reactions, 493498 Froquontly, the fully deuterated spocics is the major product, followed
by the singly deuterated specios while products of intermediate degree of deuteration
ure formed only to a much smaller extent. Such studios were also porformed in an eloc-
trocatalytic systom, and analogous results were obtained.*¥ In the electrocatalytic
work, the percentage of the fully deuterated product was even higher than in the gas.
phase studies. A slight dependence of the percentage of the fully deuicrated product
un the potential was also observed. These rosults suggested that C-H and C-catalyst
bonds arc made and broken easily and that the rate-determining step in the clectrocate.
Iytic oxidation of hydrocarbons can be expected to be some reuction step which is
cloger to the and product, carbon dioxide,

The adsorption und oxidation of saturated hydrocarbons on platinum elec.
trodes was also extensively investigated by Brummer and coworkers,**!!  From
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anodic charging curves the charge required to oxidize the adsorbed material was
determined.  From cathodic galvanostatic pulses the extont (o which the clectrode

was covered with irreversibly adsorbed material was found. The measurements also per.
mitted the determination of the number of electrors per adsorption site which are in-
volved in the oxidation of the adsorbate. These investigations showed that in the clec.
trocatalytic oxidation of hydrocarbons on platinum there are three types of intermedi-
ates which were designated as CH-at, CH-8, and O-type. CH-u« can be cathodically de-
sorbed. It is believed to consist of adsorbed alkyl radicals. The amount of CH-a in.
creasen with increasing molecular weight of the hydrocarbon, There is no CHa forma.
tion wher methance is adsorbed, The CH-8 matorial is not cathodically desorbuble, and
its amount is greater the higher the molecular weight of the hydrocarbon, CH-g is
unreactive toward oxidation and is belicved to be a carbonaceous polymer. The O-type
species is the major constituent of the adsorption layer in terma of coverage, Its oxida
tion state and the fuct that it cannot be cathodically desorbed indieate that it is an oxy.
genated species und is believed to be similar to reduced CO, 42 In the case of methane
adsorption, Cll in not formed but only the O-type, This shows that the G, species,
onee formed, is rapidly transformed into the O-type, In this context, it is worthwhile to
mention that recent ultra-high-vacuum studies indicate that very clean platinum surfaces
have little ability to adsorb oxygen, but carbon-contaminated platinum udsorbs oxygen
readily. 43 414 After this comment, let us return to the discussion of Brummer's work,
In their early papets, Brummer und coworkers wore under the impression that the cov-
erage by O-type species is insensitive to the hydrocarbon pressure. This led to the con.
clusion that the O-type spocies wus u posion which lowers the availability of catalyst
surface for a main oxidution process, It is quite probuble thut the O-type species cor-
responds to Gilman's* 317 and Niedruchw#1*438 (ype Lapecies. Consequently, viewing
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the O-type as a poison was incompatible with th:e caclier findings of Gilman and Nied-
rach. However, Brummer and coworkers*?” 43 found iater that the O-type coverage is
dependent on the hydrocarbon pressure and suggested that the following reaction steps
take place at potentials below 0.35 volt: Hydrocarbon =Cii, , CH, ~ O-type, O-type =
CO, with the oxidation of O-type being the raiv-detormining siep. At higher potentials,
the adsorption of the hydrocarbon was suggested to be rate determining,

Bockris et al.*® investigated the electrocatalytic oxidation of saturated hydrocar- _-
bons by determining current potential relationships as well as the' rates of oxidation as b
a function of hydrocarbon pressure and of the water concentration’ in the electrolyte,
Linear Tafel lines were found for the region from 0.28..048 volt having a slope of F/RT,
as well as first-order dependence on hydrocarbon pressure and zero-order dependence
on the water concentration, Upon admission of the hydrocarhon, u current was found
to pams across the electrode, indicating dissociutive adsorption, followed by oxidation of
the dimociated hydrogen atums to protons. Bockris et al, derived the kinetic parame.
ters of 15 possible reaction schemes and compared them with the obeseved ones. Con:
sidoring that a Tafel slope of F/RT excludes any reaction step as the rate-determining
step which is during or after the third electron transfor and also taking the reaction or.
ders into account, it was concluded that the cracking (C-C hond cleavage) of the disso-
ciatively desorbed hydrocarbon ix the rate-determining step. This conclusion is not in
agreement with the work of Giliman, %49 Niedrach,%3°4% and Brummer®”'#! who
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found that the oxidation of a partially oxidized C, species is the rate-determining step.
Bockris*? feels that it is not clear why different results were found by him and the
other workors. Brummer*? sees no conflict between his results and thoee of Bockris
el al. because his work refers to the potential region below 0.35 volt while much of the
work of Bockris refers to the region above 0.35 volt where the coverage by adsorbed
hydrocarbons becomes low.

The electrocatalytic oxidation of unsaturated hydrocarhons was studied extenaive-
ly by Bockris and coworkers*¥4-448 by determining current-potential relationships. These
investigationa were carried out with sulfuric acid and with sodium hydroxyde as electro-
lytes at 80°C. The highest exchange current densities were obtained with platinum, and
the electrocatalytic oxidation of 8 different unsaturated hydrocarbons was studied on
this metal.* This will be discussed in the following paragraph, Subsequently, the in.
vestigations of othene oxidation on other noble metals will be describod, 40 48!

With platinum olectrocatalysts, the faradaic efficiency for oxidation to carbon di-
oxide was found to be 100% with ethene and nearly 100%, or quite high, with the other
unsaturated hydrocarbons, The activation energies for the unsaturated hydrocarbons
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investigated were in the range between 20 und 24 Keal/mole.  Lincar Tufel lines weee
found in the region from about 0.3 volt up to 0.75 volt. Above 0.75 voll. a limiting
current wus reached, At potentials higher than 0.95 volt, the current decreased with
increasing potential which was attributed to passivation of the clectrode due to the for.
mation of an uxygen layer, Experiments at different hydrocarbon pressurcs led 1o the
intereating result that the current density (rute) decreased with increasing hydrocarhon
pressure (negative reaction order), From the observed Tafel slope, it could be conclud-
ed that a fiest-charge transfer stop should be the rate-determining stop. The negative
hydrovarbon pressure dependency indicated that the rate-detormining step involves a
substance other than the hydrocarbon, namely, the oxidiking species which could be
water or hydroxide ions. Since the dependence of the curront density on the pH was

found to be linear in the pH range from 0.3 to 12.5, the hydroxide ion could be exclud.

ed. Consequently, the cond lusion was drawn that the discharge of water (H; O = OH,q,
+ H* + o) wus the rate-determining step in the electrocatalytic oxidation of unsaturated
hydrocurbon on platinum clectrodes. Kinetic isotope effect studics with D, 0 and
D3804 as tleetrolyte support this conclusion 43

In addition to platinum, the electrocatalytic oxidation of ethene was studied

with palludium, chodium, ividium, ruthenium, gold, and noble metal alloy electrodes,

sxeept with gold, the lincar Tafel regions weee shorter bocause the limiting cureent re-
gion was reached at lower potentials, At the same potentials, oxygen coverage beging
which i fairly good evidence that the limiting current densities are reached bevcause of
the oxygen layer formation.  In contrast to platinum, a positive dependence of the
current density on the hydrocarbon pressure was found. This indicated that the othone
is involved in the rute-determining stop. Investigations of isotope effocts using D, O
and D3804 as electrolyte indicated that the oxidiving species is also involved in the
rate-deteemining step 4% Consequently, it was proposed that the surfuce roaction be
tween adsorbed ethene and dissociatively adsorbed water, i.e., adsorbed hydroxyl
groups, was the rate-determining step on the motals other than platinum. With palladi-
um and gold, considerable partial oxidution of ethene to ac taldehyde, ueeton, and pro-
pionaldehyde wan found, while rhodium and ividium catalyzed mainly the complete
oxidation to curbon dioxide.

The eleetrocatalytic oxidation of ethene on gold eleetrodes was investigated also
by Johnson et ab** in strongly acidic electrolytes, they observed only acetaldehyde
and no carbon dioxide formation and did not find a pl} effeet. They suggested that
these results could be understood with a mechanism in which the rate-determining

it s e
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surface reaction is preceded by an electron transfer leading to an adsorbed carbonium
ion, us considered previously by Dahms and Bockris. *** 11 wan suggested that the car
bonium ion formation muy oceur due to the high positive potentials at which oxidation
tuken place on gold anodes,

Bockris and coworkers rationalized the electrocatalytic activity of the noble metals
and their alloys in ethene oxidation by considering competition between water and
cthene for adsorption sites and by taking into account the adsorption strengths of
cthene and the hydroxyl groups, Le,, of metal-carbon und metal oxygen bonds.*® The
bond strengtha were ealeulated, following Eley %% with the Pauling equetion®s? where
by one-sixth of the heats ot sublimation of the metals were taken as the values for the
metal-metal bond strengths. A voleano curve rosulted with gold on the ascending beanch
due to small coverages particularly in hydeoxyl groups while iridium, rhodium, and eu-
thenium were on the descending branch bucause of high coverages in hydroxyl groups
and rolatively higher metal-oxygen and metal-carbon bond steengtha, With platinum, the
coveruges with both ethene and hydroxyl groups as well ag the bond strengths are at an
optimum and, therefore, the surfuce reaction beeomen so fast that water discharge tukes
over as the rate-detormining stop,

In the interpretation of their results, assoclative adsorption of the unsaturated hy-
drocarbons was wsumed by Bockris and coworkers. Amsociative adsorption wus indicat.
od by the fuct that different kinotics was found in the slectrocutalytic oxidation of
sthene and acetylone, 8 1f ethene would adsorb dissociutively, the adsorbed apecies
would resemble ucetylene and similue kinetics could be expected,  Caleulations also
mude it likely that in electrocatalytic systems associative chemisorption of unsaturated
hydrocarbons should be thermodynamically more fuvorable than dissociative adsorp-
tion.*® Another argument for associative cheminorption was that a transient current
was found upon cheminorption of suturated hydrocarbons (electrons due to the reaction
H,g, = H* +¢) but not with cthene. Gilman, %! 43 however, did find transient cur-
rents upon adsorption of ethene and conclnded that ethene is dissociatively adsorbed
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forming an acetylenic residue. He reached this conclusion also on the basis of the simi-
larity of the teaces of anodic sweeps of ethene and aeetylene adsorbed on platinum
eleetrodes. However, Niedrach®? did not ghserve any wave in the oxidation curves
which could be attributed to hydrogen which indicutes that under his experimental
conditions little or no dissociative ethene adsorption occurred, On the other hand, the
volumetrie measurements of Niedeach showed that some of the ethene adsorbed was
hy drogenated 1o ethune which is only possible if some dissociative ethene adsorption
hud taken place, The question whether associative or dissoclative adsorption of olefing
is tuking pluce on electrocutulysts seems undecided. Also, in regular gas-phase catalysis,
the mode of adsorption of unsaturated hydrocarbons was very much discussed for a
long time, “4** [nfrared work indicates that both associutive and dissoclative adsorp.
tion take place. Which kind of adsorption dominates depends on the temperature, pro-
adsorption of hydrogen, und the relative activity of the catalyst, 4% 4"

f. Comparison of Some Results in the Gas Phase and Electrocatalytic Oxi-
dation of Hydrocarbons. Before the 1960, the oxidation of hydrocarbons on group
VIII noble metal catalysts was not studied to a great extent probably because the com.
plete oxidation to carbon dioxide und water was the only reaction found®™ 4% After
K emball and cowarkers®™ 4% ohyerved that some partial oxidations also oceur, interest
incroused and several rescarch gronps investigutod this subject during the last 10
years, 47649 1y the same period, the field of electrocatalysiv.emerged, This term was
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used for the first time in 1963, Because of the intercst in fuel cells, considerable ef-
fort was devoted to the electrocatalytic oxidation of hydrocarbons,*%*$!7 The gus phase
(Continued)
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and electrocatalytic work on hydrocarbon oxidation led to related results and conclu-
sions, but few correlations were made, It is the purpose of this section to correlate
some of the results found in these areas of investigation. Sinee the results are not con-
clusive in the gas phase or in the eleetrocatalytic oxidation. it can be hoped that an in-
creased exchange of ideus between these fields will further the understanding of the
processes involved,

Before discussing these subjects in some dotuil, let us compare the gas phase and
eleetrocatalytic oxidation of hydrocarbons in u general way. In clectrocatalytic systems
such au fuel cells, oxygen is brought in contact with the electrocatalyst at the cathode,
There, adsorption und reduction of the oxygen tukes place whereby water is formed in
systems having acid electrolytes, The hydrocarbons are brought in contact with the
clectrocatalyst al the anode and are, alter adsorption, oxidised by adsorbed water from
the electrolyte, Thus, the electron reciving and producing processes are completely
wparated and much of the energy released in the hydrocarbon oxidation can be gained
as clectrical encrgy. In gas phase catalysis, the hydrocarbon and ox ygen adsorb and re.
act on the same catalyst surface, Often, the reduction-oxidation mechanism was found
to tuke place,$198% This mechanism was established mainly with oxide catalysts but

(tamtiniied)
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applics also to metal catalysts. According to this mechanism, the oxygen becomes ad-
sorbed and reduced at some surface sites while the hydrocarbon adsorbs and reacts at
other sites, Thus, in gas-phase catalysis, electron receiving and producing reaction steps
are scparated as well, but in a microscopic scale. Since there is a *‘chemical short cir-
cuit™ in this case, the energy is evolved as heat, but mechanistically there is condders.
ble analogy between such a hydrocarbon oxidation process and the electrocatalytic oxi-
dation in fuel cells.

Now, let us discuss sume of the results in gas phase and electrocatalytic oxidation
of hydrocarbons on group VIII noble metals and gold. Kemball and coworkers® 334
and Hall and coworkers™7#! gtudied the catalytic gas-pha:. oxidation of olefins on
such catalysts and found that, in addition to the complete oxidation to carbon dioxide
und water, partial oxidation cun occur. With ethylone the pariial oxidation results in
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